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Block copolymers self-assemble into various micellar nanostructures in selective 
solvents and can be applied in a host of diverse technologies including drug delivery, 
viscosity modification, and nanoreactor design. To fully realize these practical uses, the 
mechanisms for micellization and equilibration must be elucidated. Micelle fragmentation, 
fusion, and chain exchange are all possible relaxation mechanisms. To date, fragmentation 
has not been studied in any detail. Block copolymer micelle fragmentation was studied 
using temperature-jump dynamic light scattering (T-jump DLS), synchrotron small-angle 
X-ray scattering (SAXS), and liquid-phase transmission electron microscopy (LP-TEM) to 
develop a quantitative understanding of micelle fragmentation kinetics in ionic liquids 
(ILs). The use of non-volatile IL solvents enables high temperature annealing and direct 
use of TEM.  
Fragmentation of one molar mass of 1,2-polybutadiene-b-poly(ethylene oxide) (PB-
PEO) was studied in five ILs to determine the effect of solvent selectivity. Then, 
fragmentation of PB-PEO was visualized directly for three molar masses in one IL using 
LP-TEM. The molar mass dependence of micelle fragmentation kinetics for six molar 
masses of PB-PEO in one IL were quantified by time-resolved SAXS and T-jump DLS. 
The effects of PB-PEO molar mass dispersity on micelle fragmentation was explored using 
hybrid micelles comprised of molar mass blends of PB-PEO. Finally, the swelling behavior 
of PB-PEO in an IL was explored using high temperature LP-TEM to determine how the 
solution preparation procedure used to make large, kinetically trapped micelles depends on 
the morphology of the bulk diblock copolymer. By combining these experimental 
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techniques, a detailed analysis of micelle fragmentation kinetics, along with the direct 
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Chapter 1 – Introduction and 
background 
  
1.1 – Introduction  
 Block copolymers (BCPs) consist of chemically distinct homopolymers that are 
covalently bonded together. Polymer blends typically undergo macrophase separation, 
under conditions estimated by the enthalpic and entropic contributions described by the 
Gibbs free energy of mixing. In contrast, BCPs undergo self-assembly or microphase 
separation in the bulk, as macrophase separation is suppressed due to the covalent linkage 
between the blocks. In solution, BCPs are known to self-assemble into a variety of micellar 
structures when placed in a block-selective solvent.1,2 In the case of a diblock copolymer, 
which consists of two distinct A and B chains covalently linked together, a block selective 
solvent (S) for the A-block (χSA < χSB) will preferentially dissolve the A-block, which forms 
the micelle corona. The B-blocks will collapse into B-rich domains to minimize 
unfavorable contact with the solvent, and thereby form the micelle core. From the Flory-
Huggins theory for the free energy of mixing, the polymer-solvent interaction parameter χ 
is defined as the exchange energy required to substitute one lattice site occupied by a 
polymer segment with a solvent molecule, normalized by the thermal energy, kBT. With 
the addition of solvent, the interfacial tension between the B-block and the solvent, γ, drives 




self-assembly from enthalpic contributions where B-blocks will minimize contacts with 
the solvent.  
 The self-assembly of BCPs in solution has been explored for numerous applications 
including drug or gene delivery,3–6 nanoreactors for small molecule transformations,7 
nanolithography,8 and viscosity modification.9 Due to the versatility of block copolymer 
micelles from an applications perspective, there exists a large body of literature on the 
equilibrium structure of BCP micelles.10–16 Most investigations of BCP micelles focus on 
the equilibrium structure as a function of polymer composition, architecture, molar mass, 
solvent selectivity, and temperature.  
 However, BCP micelles are not static structures. Micelles exist as dynamic assemblies 
in solution, and this dynamic behavior often complicates the location of the “true” 
equilibrium state. While much is understood about the equilibrium properties of BCP 
micelles, their dynamics and equilibration kinetics in solution are of interest, yet remain 
less well understood.17–19 Historically, the equilibration of block copolymer micelles is 
thought to occur by two primary mechanisms, which were first described by Aniansson 
and Wall for low molar mass surfactants.20 Specifically, Aniansson and Wall predict that 
micelle evolution and relaxation occurs via a combination of individual chain exchange 
and micelle fusion/fragmentation.20 Chain exchange in block copolymer micelles has been 
explored in detail, and the exchange kinetics have been quantified by time-resolved small-
angle neutron scattering (TR-SANS).17–19,21–30 The influence of χSB and micelle core size 
on the chain exchange kinetics were recently reported, as described in Section 1.3.17,19  




 As predicted by Aniansson and Wall, single chain exchange is not the only process by 
which micelles attain equilibrium. If the micelle radius is large relative to the equilibrium 
size, fragmentation becomes more favorable. Similarly, if the micelles are too small, fusion 
becomes favorable; neither process has been studied in detail experimentally. Due to the 
fundamental lack of understanding of non-equilibrium micelle relaxation, this thesis is 
dedicated towards the systematic investigation of BCP micelle fragmentation. Due to the 
thermal stability and nonvolatility of ionic liquids (ILs), they are chosen as block-selective 
solvents. 
 
1.2 – Micelle formation and thermodynamics 
In recent years, studies on the self-assembly of diblock copolymers in IL solvents have 
revealed a variety of interesting behavior, lending polymer/IL systems to a broad variety 
of stimuli responsive applications. The following section outlines the thermodynamic 
origins of micellization, the theoretical models used to predict equilibrium parameters of a 
BCP micelle, experimental evidence for micelle polymorphism, and micellization in ILs. 
1.2.1 – Thermodynamics of micellization 
BCP micelles are self-assembled aggregates of amphiphilic macromolecules in a block 
selective solvent, where the soluble block forms the micelle corona, and the insoluble block 
forms a dense micelle core. BCP micelles are analogous to low molar mass surfactant 




micelles, but the large molar mass of macromolecules leads to significant differences from 
classical surfactant micelles, in both the thermodynamics and relaxation kinetics.  
In the simplest case of a sphere-forming AB diblock copolymer diluted with a block 
selective solvent, the formation of micelles is reflected in two thermodynamic quantities, 
the critical micelle concentration (CMC) and the critical micelle temperature (CMT). A 
schematic illustration of the phase behavior of a sphere-forming diblock copolymer with a 
UCMT as a function of temperature and concentration is depicted in Figure 1.1. Significant 
micellization occurs for concentrations at or above the CMC; at more dilute concentrations 
(i.e., below the CMC), the chains are essentially all dissolved as unimers, as shown in 
Figure 1.1. In micelle-forming BCPs, the solution phase behavior can lead to two 
micellization scenarios as a function of temperature depending on the thermoresponsive 
nature of the core-forming block: 1) an upper critical solution temperature (UCST) system 
forms micelles upon cooling below the CMT (i.e., the UCMT), or 2) a lower critical 
solution temperature (LCST) system where micelle formation occurs upon heating above 
the CMT (i.e., the LCMT). For a UCST system above the CMC, polymer chains are well 
dissolved as unimers at high temperatures and self-assemble into micelles at low 
temperatures. For an LCST system, the opposite is true, and micelles will form at elevated 
temperatures and the polymer chains will exist as unimers at low temperatures.  
 





Figure 1.1: Schematic illustration of the critical micelle concentration (CMC) and critical 
micelle temperature (CMT) in a USCT core-block/solvent system.  
 
Above the CMC, there are two relevant micelle concentration regimes to note. The first 
is the dilute regime, where the micelle concentration is below the overlap concentration, 
and micelles are discrete, non-interacting spheres. Further increase of polymer, and 
therefore micelle, concentration results in a crossover to the second regime where micelle 




aggregation and eventually, packing onto a periodic lattice (body-centered cubic, face-
centered cubic, etc.), begins to occur.31   
1.2.2 – Theoretical depiction of micelles 
Early theoretical treatments on the thermodynamics of sphere-forming block 
copolymer micelles in solution were pioneered by de Gennes,32 Leibler et al.,33 Noolandi 
and Hong,34 and others.35–37 Many theoretical depictions for predicting the structure of 
diblock copolymer micelles in solution were developed using scaling relations31–33,35–37 and 
self-consistent mean-field theory (SCFT) calculations.38–41 In general, the equilibrium 
structure of a micelle is determined by the free energy of the micelle in solution. This free 
energy is dependent on parameters related to micelle size such as the aggregation number 
or the total number of chains per micelle (Q), total micelle radius or hydrodynamic radius 
(Rh), core radius (Rcore), and corona thickness (Lcorona). These parameters are obtainable 
from experimental techniques such as dynamic light scattering (DLS), static light scattering 
(SLS), small-angle X-ray scattering (SAXS), and transmission electron microscopy 
(TEM).  
It is well known that the free energy per chain of a micelle in solution, Fmic, is described 
by the sum of the free energy contributions from the core chains (Fcore), corona chains 
(Fcorona), and the micelle interface (Fint), as shown in Equation 1.1, 




where Fcore is governed by the core chain stretching, Fcorona is related to the excluded 
volume interactions between solvated corona chains, and Fint arises from the interfacial 
tension between the core-forming block and the solvent. Equilibrium scaling relations of 
micelle properties as a function of block copolymer characteristics, such as molar mass, 
are estimated by minimizing Fmic with respect to Q or Rcore.  
 de Gennes proposed a simplified scaling relation for spherical BCP micelles in the limit 
where Ncore >> Ncorona, where N is the total degree of polymerization of the core- and 
corona-forming blocks, respectively.32 This limit is the so-called “crew-cut” micelle 
regime. Using the analogy of tethered polymer brushes on a flat surface, de Gennes 
proposed the radial density profile of the micelle corona is described by a step function. In 
the “star-like” micelle regime, where Ncore << Ncorona, the interfacial curvature becomes 
more pronounced, and the radial density profile of the micelle corona is then a function of 
the distance from the micelle core. The model was improved by Daoud and Cotton who 
focused on star-like micelles in dilute and semi-dilute conditions. To expand upon the 
model for corona chain conformations in a micelle, they proposed a radial variation of 
monomer concentration in the micelle corona, introducing the blob concept.42  Because the 
corona chains are covalently tethered to the core chains in a BCP micelle, the local 
concentration of monomers in the corona will increase as the distance from the micelle 
mic core corona intF F F F= + +   (1.1) 




core is decreased. Conversely, monomer units further away from the core-corona interface 
will have a decreased local concentration as the distance from the core is increased. This 
eventually leads to a single linear chain problem toward the outside of the corona region, 
where different corona chains can be considered relatively well separated. The size (ξ) 
scale where this occurs is defined as a blob, which depends only on the monomer 
concentration.  
Table 1.1: Scaling relations of Q, Rcore, Lcorona, and Rh for crew-cut and star-like micelles. 
 Crew-cut (Ncore >> Ncorona) Star-like (Ncore << Ncorona) 
Q ~ γNcore ~ γ6/5Ncore4/5 
Rcore ~ Ncore
2/3  ~ Ncore
3/5  
Lcorona ~ Ncorona ~ Q1/5Ncorona
3/5  
Rh ~ Ncore




The blob concept is illustrated in Figure 1.2 for a spherical micelle. The introduction 
of the blob allowed for predictions of corona chain conformation in a good solvent (the 
swollen region), as well as for the theta condition, which gave additional insights into the 
scaling predictions of BCP micelles at equilibrium. Halperin utilized this blob picture in 
further developments of the scaling relations for star-like micelles to give an equilibrium 
scaling relation for the micelle core radius as a function of Ncore and the total micelle radius 
as a function of Ncore and Ncorona.37 In this work, Halperin derived an explicit form for the 




radial density profile in the corona, φ(r), for dilute solutions where Fmic is more accurately 
described as the free energy per chain in a single micelle.  
 
Figure 1.2: Schematic illustration of the correlation blob concept for a spherical diblock 
copolymer micelle, where the blue chains represent the core and the red chains are the 
corona, presented by Daoud and Cotton to represent the concentration dependence of the 
radial density profile of monomer units in a micelle corona. 
 
Zhulina and Birshtein used the scaling approach to derive analytical expressions for 
three different BCP micelle morphologies, namely, spheres, cylinders, and lamellae.31  
They extended the concepts of tethered layers on curved surfaces to derive the free energy 
per chain in a micelle of each morphology, and gave some equilibrium scaling relationships 




for micelle size as a function of concentration, surface tension (γ), and molar mass. Zhulina 
et al. expanded these models to quantify the free energy of spherical, cylindrical, and 
bilayer structures in solution as a function of N.36 They estimate regions of thermodynamic 
stability (i.e., morphological transitions), along with expressions to estimate the 
equilibrium size and aggregation numbers for micelles of each morphology. Most notably 
they predict the equilibrium scaling with N for micelles of various morphologies in both 
the crew-cut (Ncore >> Ncorona) and star-like (Ncore << Ncorona) micelle regimes.  
Table 1.2: Scaling of ξ, φ(r), and Fcorona/kT for various micelle geometries in a good 
solvent, where a is the monomer size and d is the domain size.1 
 
In summary, there are several scaling methods used to predict the equilibrium 
properties of BCP micelles in solution, which are summarized in Tables 1.1 and 1.2. In 
addition to scaling relations, SCFT computations have been widely employed to give more 
accurate values of micelle size in combination with scaling relations.38–41  
 Spherical Cylinders Bilayers 
ξ ~ r/Q1/2 
~ (rLcorona/Q)1/2 
~ d 
φ(r) ~ Q2/3(a/r)4/3 ~ (Qa2/rLcorona)2/3 ~ (a/d)4/3 
Fcorona/kT ~ Q1/2 ~ Ncorona
3/8 (Qa/Lcorona)5/8 ~ Ncorona(a/d)
5/3 




1.2.3 – Polymorphism of BCP micelles 
In addition to theoretical predictions of polymorphism in micelle-forming BCPs, there 
is extensive experimental evidence showing that diblock copolymers can form a variety of 
self-assembled structures in solution. Several reports on the morphology of A-B diblocks, 
A-B-A and A-B-C triblocks, and numerous other block copolymers exist to date.43–51 An 
interesting characteristic of micelle-forming block copolymers is their ability to adopt 
various structures when the solvent selectivity, concentration, or block lengths are altered.  
Transitions from spherical to cylindrical (worm-like) micelles, or from cylindrical 
micelles to bilayer vesicles have been reported for various polymer/solvent systems 
including 1,2-polybutadiene-block-poly(ethylene oxide) (PB-PEO)46,47 and polystyrene-
block-poly(acrylic acid) (PS-PAA)44,49,52,53 in various polar solvents. One way to anticipate 
the resulting morphology of a micelle is through the critical packing parameter, p. The 
critical packing parameter is defined by Equation 1.2, where a0 is the effective surface area 
of the solvophilic heads in the micelle, v is the volume of the solvophobic tails, and lc is 
the contour length of the hydrophobic tails. 
This parameter is commonly used for the analogous low molar mass surfactants, and the 
specific value of p can be used to predict the morphology in micelle-forming systems. 
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cylindrical micelles occurs for values of 1/3 < p ≤ 1/2. Polymer aggregation into bilayer 
membrane structures (such as “polymersomes”) occurs for p > ½ , i.e., for vesicle forming 
systems with low curvature.  
Previous work has shown that changing the solvent selectivity and/or altering the core 
volume fraction, f, can lead to various transitions in micelle morphologies. The effect of 
core volume fraction on the packing parameter can be rationalized quite readily; increasing 
f will increase the volume of the hydrophobic tails along with the contour length from 
Equation 1.2, while a0 remains constant. This results in an increase in p, and a transition 
from spherical to worm-like micelles is observed, as reported by Bates et al. who 
demonstrated that in aqueous solutions of PB-PEO, increasing the length of the PB block 
caused transitions from spherical micelles to worm-like micelles to bilayer vesicles.54 This 
polymorphism was also observed by cryogenic TEM (cryo-TEM) for various values of f 
for PB-PEO in the IL 1-butyl-3-methylimidazolium hexafluorophosphate, [C4mim][PF6], 
as shown in the TEM micrographs in Figure 1.3a.51  
The second approach used in manipulating micelle morphologies is to alter the solvent 
selectivity for the core forming block. As shown through numerous works by Eisenberg et 
al.,44,49,52,53 a wide variety of micelle morphologies become accessible as the solvent 
selectivity is altered. The solvent selectivity dependence is largely due to the role of the 
interfacial tension, γ. When the solvent selectivity for the corona block is increased, the 
interfacial tension between the solvent and the core block is increased, and a decrease in 
the total interfacial area per chain is observed. This reduction in interfacial area gives rise 




to a reduction in the curvature of the aggregates. This was observed experimentally via 
cryo-TEM for polystyrene-block-polyisoprene (PS-PI) in mixtures of dialkyl phthalate 
solvents, as shown in Figure 1.3b.50 In the PS-PI system various compositions of dibuthyl 
phthalate (DBP), diethyl phthalate (DEP), and dimethyl phthalate (DMP) were used to 
selectively tune γ, which induced morphological transitions from spheres to coexisting 
spheres/worms to vesicles for a single PS-PI diblock. 
 
Figure 1.3: (a) TEM micrographs of PB-PEO micelles in [C4mim][PF6], where transitions 
from spheres to coexisting spheres/worms to coexistence of worms/vesicles is observed 
with decreasing fcorona. (b) TEM micrographs of polystyrene-block-polyisoprene (PS-PI) in 
mixtures of dialkyl phthalate solvents where increasing γ results in morphological 
transitions from spheres to coexisting spheres/worms to vesicles is observed. Reproduced 
from References 51 and 50, respectively.  




By increasing solvent selectivity for the corona block, transitions from spherical 
micelles to bilayer vesicles can be achieved. Previous work by Lund et al. proposed a 
power law dependence of the aggregation number, Q, and the interfacial tension for 
poly(ethylene-alt-propylene)-block-poly(ethylene oxide) (PEP- PEO) in water/DMF. The 
dependence of aggregation number on interfacial tension was found to follow Q ~ γ6/5, 
which agrees with the scaling relation from Table 1.1.55 
1.2.4 – Diblock copolymer micelles in ionic liquids 
The structure of BCP micelles in aqueous, organic, and IL solvents has been widely 
explored. Ionic liquids are salts with melting points at or below room temperature, and the 
thermodynamic principles of micellization in these solutions are the same as those 
discussed for organic and aqueous solvents. ILs, often referred to as “molten salts”, have 
emerged as an intriguing class of solvents due to their desirable properties, namely, thermal 
stability, non-volatility, and conductivity. In these solvents, the IL cations and anions 
typically consist of bulky, charged small molecules. The bulkiness and flexibility of the 
ions prevents crystallization at room temperature; thus, the melting point of an IL is below 
room temperature. The structures of 1-alkyl-3-methylimidazolium bis(trifluoromethyl 
sulfonyl imide)-based ILs ([Cxmim][TFSI] where x = methyl, ethyl, butyl, hexyl, or octyl) 












Figure 1.4: Chemical structures of 1-alkyl-3-methylimidazolium bis(trifluoromethyl 
sulfonyl imide)-based ILs used in this thesis. 
 
ILs are particularly interesting as a block selective solvent for polymer systems from 
an applications perspective, and they have found utility in polymer ion gels,56–60 catalyst 
supports,61,62 and dispersion media.63–66 The solution phase behavior of polymers in ILs 
has been widely explored by Watanabe et al.,67–70 where they have found a rich variety of 
polymer/IL solution phase behavior and the typical UCST behavior is observed for several 
polymer/IL combinations, but a number of LCST polymer/IL combinations have been 
identified as well.58,69,70 Based on the selection of thermoresponsive blocks, BCPs in ILs 
have been reported to exhibit double thermoresponsivity.58,71 From the perspective of 
micellization, ILs can be used to explore a wide range of temperature dependences for a 
diblock copolymer/IL system, where the IL is a good solvent for one block, and a poor 
solvent for the other block. The micellization temperature can be tuned by small changes 
to the IL structure, either the cation or anion, and micelles can be formed at high 
temperatures in a variety of LCST polymer/IL systems if desired.  
[C1mim], x = 1  
[C2mim], x = 2 
[C4mim], x = 4 
[C6mim], x = 6  

















Several reports on the equilibrium properties of diblock copolymer micelles in ILs have 
emerged in the last decade.51,72–85 Simone and Lodge used cryo-TEM and DLS to explore 
the micellization of polystyrene-block-poly(methyl methacrylate) (PS-PMMA) in the IL 
[C4mim][PF6].84 The authors report the morphological transition from spheres to cylinders 
with decreasing volume fraction of PMMA. Additionally, they note an inversion of TEM 
contrast due to the heavier atoms present in the ILs, where the micelle cores appear light 
and the IL medium is dark, as shown in Figure 1.3a.  
Mok et al. explored the effects of diblock copolymer molar mass and composition on 
the CMC using IL solvents.72 They studied two diblock copolymers, polystyrene-block-
poly(ethylene oxide) (PS-PEO) and PS-PMMA, in [C2mim][TFSI]. In these systems, 
[C2mim][TFSI] is a poor solvent for PS and the micelle core is formed by the PS block, 
whereas [C2mim][TFSI] is a good solvent for PMMA and PEO. For the PS-PEO molar 
mass series, Ncore was fixed while Ncorona was varied from 113 to 295. They found that the 
CMC decreased by a modest factor of approximately 1.5 with decreasing Ncorona, which is 
well-described by SCFT calculations. However, the CMC decreased by 5 orders of 
magnitude in the PS-PMMA series as Ncore was increased from 30 up to 110. This 
dependence of the CMC on Ncore was much weaker than predicted by SCFT, and the authors 
discuss that kinetic limitations in these highly segregated systems could play a role.  
The LCST phase behavior of poly(n-butyl methacrylate) (PnBMA) in mixtures of 
[C2mim][TFSI] and [C4mim][TFSI] was investigated previously by Hoarfrost, He, and 
Lodge.77 They used a combination of transmittance, light scattering, and SANS to 




demonstrate the tunability of the cloud point, spinodal, and theta temperatures with 
increasing content of [C4mim][TFSI].77 It was found that the χ parameter varies linearly 
with increasing [C4mim][TFSI] content, and it was concluded that the increased enthalpic 
driving force for mixing dominates over the decreased entropic penalty of mixing leading 
to enhanced solubility of PnBMA in IL mixtures of [C2mim][TFSI]/[C4mim][TFSI] with 
increasing amounts of [C4mim]. Hoarfrost and Lodge explored the LCST phase behavior 
of a diblock copolymer, poly(ethylene oxide)-block- poly(n-butyl methacrylate) (PEO-
PnBMA) in the same mixture of ILs, where PEO is well dissolved in the IL solvent 
mixtures.83 In the diblock/IL system, it was found that PEO-PnBMA forms micelles above 
the CMT in [C2mim][TFSI]/[C4mim][TFSI] mixtures, and that the CMT depends on Ncore 
as predicted by theory. 
 Ma and Lodge investigated the micellization of poly(methyl methacrylate)-block-
poly(n-butyl methacrylate) (PMMA-PnBMA) diblocks in [C2mim][TFSI] with a particular 
focus on the scaling of the core and corona size with core block length.79 In this system, 
the core-forming block is PnBMA, which exhibits an LCST in [C2mim][TFSI] as shown 
by Hoarfrost, He, and Lodge.77 Using a combination of DLS and SAXS, they found that 
Rcore ~ Ncore0.71±0.01 and Lcorona ~ Ncore‒0.04±0.05, which is only in partial agreement with the 
scaling model for star polymers proposed by Halperin et al.,1,37 but in excellent agreement 
with predictions made by Nagarajan and Ganesh up to the hairy micelle limit where Lcorona 
>> Rcore.35,86 The authors attribute this deviation from theory to the comparable dimensions 
of core and corona observed in their system. Additionally, they found that the core blocks 




are significantly stretched in the micelle, which could cause deviations from equilibrium 
scaling theories.  
PB-PEO is also known to form micelles in ionic liquids.51,82,87–92 Micellization of PB-
PEO in [C4mim][PF6] was studied by cryo-TEM and DLS, which showed morphological 
transitions from spheres to cylinders to vesicles with decreasing fPEO.82 It was found that 
the morphology of PB-PEO micelles were independent of temperature between 25 °C and 
100 °C, which is consistent with the nonergodicity of PB-PEO micelles in water. PB-PEO 
also forms micelles in [C2mim][TFSI] and exhibits the same morphological transitions 
from spheres to cylinders to vesicles with decreasing fPEO reported for PB-PEO in 
[C4mim][PF6], as shown previously in Figure 1.3a. Phase diagrams of PB-PEO in 
[C2mim][TFSI] and [C4mim][PF6] at 25 °C are shown in Figures 1.5a and 1.5b, 
respectively.82 





Figure 1.5: Phase diagram for PB-PEO in a) [C2mim][TFSI] and b) [C4mim][PF6] at 25 
°C. The x-axis is the volume fraction of PEO in the bulk diblock copolymers, and the y-
axis represents the concentration by weight of PB-PEO in IL solutions. S1
bcc is a cubic 
lattice of spheres with a PB core, C1 is hexagonally packed cylinders with PB a core, L is 
lamellae, N is a disordered network of cylinders, and C2 is hexagonally packed cylinders 




with a PEO core. The dashed regions represent coexistence of microstructures. Reproduced 
from Reference 82.  
 
BCPs in protic ILs have been explored extensively by Warr,75 as well as López-Barrón, 
Wagner, et al.73,74,81,85  Various examples in the literature demonstrate the micellization of 
diblocks75 and triblocks74,81,85 in protic ILs ethylammonium nitrate (EAN) and 
propylammonium nitrate (PAN). For the diblock copolymers, poly(ethylene oxide)-block-
poly(ethyl glycidyl ether) (PEO-PEGE) and poly(ethylene oxide)-block-poly(glycidyl 
propyl ether) (PEO-PGPrE) in EAN and PAN exhibit the morphological transitions 
outlined previously with decreasing corona block length.75 Additionally, triblock 
copolymers of poly(ethylene oxide)-block-poly(propylene oxide)-block- poly(ethylene 
oxide) (PEO-PPO-PEO) were found to exhibit thermoreversible gelation behavior in 
EAN.85 
The experimental studies of diblock copolymers in organic solvents, aqueous media, 
and ILs are numerous.  However, the current understanding of BCP micelles is most 
developed at equilibrium. In comparison to this large, comprehensive body of literature, 
papers on the dynamic behavior of micelles in solution are far more limited. Because of 
this, it is of critical importance to study the kinetics and equilibration mechanisms of BCP 
micelles in solution. 
 




1.3  – Micelle dynamics  
This section provides a brief history of micelle dynamics and equilibration kinetics. 
First, the traditional mechanisms of micelle equilibration, namely, chain exchange, 
fragmentation, fusion, formation, and annihilation, are discussed. Then, two theories of 
micelle equilibration kinetics, one proposed by Halperin and Alexander for micelles near 
equilibrium, and one by Dormidontova, who considered micelles that are far from 
equilibrium, are discussed. Finally, a review of experimental work in micelle dynamics and 
equilibration kinetics is presented.  
1.3.1 – Mechanisms of equilibration 
Although there are many predictions and experimental studies on the equilibrium 
properties of BCP micelles, there is an open question of great current interest. Exactly how 
do micelles attain equilibrium and how fast are these processes? To address this question, 
the mechanisms of micelle equilibration must be understood. In general, BCP micelle 
formation and equilibration occurs by similar pathways identified in small molecule 
surfactant micelles. The seminal papers from Aniansson and Wall describe mechanisms 
for BCP micellization and equilibration based on low molar mass surfactant micelles.20,93,94 
There are five primary processes thought to govern the formation, destruction, and 
equilibration of block copolymer micelles in solution, namely, (i) chain exchange, where 
individual copolymer chains are exchanged between micelles, (ii) fragmentation, where a 
micelle with aggregation number Q breaks up into smaller micelles, (iii) fusion, where two 




micelles merge together, (iv) micelle formation, where individual chains nucleate a new 
micelle, and (v) annihilation of micelles, where a series of chain 
exchange/fragmentation/fusion events eliminates one micelle. These processes are 
illustrated in Figure 1.6. 
 
Figure 1.6: Illustration of micelle formation, annihilation, chain exchange, fragmentation, 
and fusion. 
 
Experimentally, measurements of micelle kinetics in surfactants revealed two time 
constants, where the faster process is generally attributed to individual chain exchange.95 
However, the measurements of the time constants were for low molar mass surfactants, 




and the kinetic analysis by Aniansson and Wall was restricted to nonionic detergents.93,94 
Kahlweit improved upon the Aniansson and Wall picture by extending micellization 
analyses to include ionic micelles, and suggested that micelles grow only via chain 
exchange at low counterion concentrations due to electrostatic repulsion of neighboring 
aggregates.96 It was concluded that because nonionic systems lack this electrostatic 
repulsion both chain exchange and fusion/fragmentation pathways are in competition from 
the onset of the CMC and after.96  
In general, the mechanisms of equilibration should be similar for BCP micelles and 
surfactant micelles, but the largest difference lies in the kinetics of these processes. In 
general, the large molar mass of diblock copolymers leads to equilibration kinetics that are 
orders of magnitude slower than for the surfactant case. This has led to significant interest 
in the kinetics of BCP micelle equilibration. Next, the theoretical framework for chain 
exchange, fragmentation, and fusion in BCP micelles is discussed.  
1.3.2 – Theoretical approaches 
The first detailed theory on diblock copolymer micelle equilibration kinetics was 
reported by Halperin and Alexander, who extended the predictions from Aniansson and 
Wall, as well as Kahlweit.95 They consider the Aniansson-Wall framework for micelle 
equilibration to describe the kinetics of micelle relaxation in solution. In their theory, they 
consider only star-like spherical micelles that are at, or very close to, equilibrium. Based 
on this constraint, Halperin and Alexander propose that the dominant mechanism of 




equilibration in BCP micelles is chain exchange. The authors suggest that fragmentation 
and fusion are not plausible mechanisms due to high activation energies from the interfacial 
tension in the former case and the strong steric repulsion of corona chains in the latter. 
They report that the exchange time, τex, depends on the core and corona block lengths as 
where kB is the Boltzmann constant, T is the absolute temperature, and Ea is the activation 
barrier given by γNcore2/3b2, where γ is the interfacial tension between the core block and 
the solvent and b is the monomer size of the core block.  
Dormidontova proposed a scaling model to account for micellization in systems far 
from equilibrium, and assumed that micelle fragmentation proceeds by the reverse 
mechanism as micelle fusion.97 The relaxation time for fusion, τfus, of two micelles with 
similar aggregation numbers (Q1 ≤ Q2) scales with aggregation number and the degree of 
polymerization of the corona block as shown in Equation 1.4. 
The strong Ncorona dependence on the characteristic time for fusion is attributed to the 
corona chain deformation during the merging process, where the corona chains of a smaller 
micelle penetrate into the corona region of a larger micelle. Based on this observation for 
micelle fusion, the fragmentation times for micelles with small aggregation numbers were 
2/25 9/5
ex core corona a B~ exp( / )N N E k T  (1.3) 
17/5 14/5
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estimated to scale with Ncorona17/5 as well. For micelles with very large aggregation numbers 
Q > (cVcorona)5/2Ncorona2, where c is the micelle concentration and Vcorona is the molar volume 
of a corona-forming chain, the fragmentation (τfrag) and fusion times were proposed to scale 
with Ncorona and Q as shown in Equation 1.5. 
 Halperin and Alexanders’ model and Dormidontova’s model present rate equations 
using the framework of Kramers rate theory for micellization kinetics. However, the 
primary conclusions from these works are contrasting in that Halperin and Alexander 
concluded, for micelles near equilibrium, that chain exchange is the only feasible 
mechanism in micelle formation and equilibration. Dormidontova considered systems that 
have been perturbed far from equilibrium, which was more relevant to experimental 
techniques used to study micellization kinetics at the time. Dormidontova concluded that 
in early stages of micellization, micelle fusion and fragmentation are the most favorable 
equilibration mechanisms, but as the system nears equilibrium, a crossover to chain 
exchange occurs.  The free energy landscape for fusion, fragmentation, and chain exchange 
is summarized in Figure 1.7b. 
 
9/5 13/5
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Figure 1.7: Schematic illustrations of a) micelle equilibration processes chain exchange, 
fragmentation, and fusion, and b) the free energy per chain in a micelle (Fchain/kBT) versus 
aggregation number Q. The free energy regimes where each mechanism is proposed to 
contribute are shown according to Dormidontova’s model. 
 
1.3.3 – Experimental studies of micelle equilibration kinetics 
 This section focuses on micelle equilibration (i.e., relaxation) experiments with a 
particular emphasis on the current understanding of micelle fragmentation and fusion. First, 
a brief history of early micellization experiments is discussed. Then, experimental results 
for micelle chain exchange are summarized, followed by a review of the experimental 
investigations of BCP micelle fragmentation and fusion.  
 To understand BCP micelle dynamics experiments, one must understand the 
terminology used to describe the experimental design in this field. Often, the terms 




micellization and equilibration are seemingly used interchangeably; however, they are 
typically measuring very different phenomena. In micellization experiments, the kinetics 
of micelle formation from a solution of unimers are monitored. The micellization 
experiment typically probes the mechanisms of micelle formation and annihilation shown 
in Figure 1.6. In contrast, micelle equilibration/relaxation experiments are used to probe 
the dynamic behavior of metastable micelles in solution. The kinetic information is 
obtained during the application of some perturbation to the micelle solution, and the time 
scale for reaching an equilibrium size/morphology is monitored. In a micelle equilibration 
experiment, the mechanisms of relevance are chain exchange, fragmentation, and fusion. 
Typically perturbation experiments involve temperature-jumps (T-jumps)89–92,98–105 or pH-
jumps.106–108 Following a perturbation, the kinetics are monitored using techniques such as 
light scattering,89–91,104,109 X-ray scattering,91,110–113 neutron scattering,17–19,22,23,28,114–116 or 
excimer fluorescence spectroscopy.117–120  Direct measurements of the evolution in micelle 
size has been achieved ex-situ by cryo-TEM,121,122 and more recent in-situ observations 
were reported using liquid-phase TEM (LP-TEM).92,123   
 Studies of chain exchange kinetics are enabled by the development of TR-SANS 
experiments.26 Several reports utilize this technique, and much has been discovered about 
the dependence of the exchange times on the molecular parameters of the 
system.17,19,21,23,25,27,29,124 In a typical TR-SANS experiment, the contrast mechanism from 
a neutron scattering experiment is leveraged, where selective deuteration of the micelle 
core block is performed to give perdeuterated micelle cores. These d-micelles (deuterated 




micelles) are then mixed with an identical solution of h-micelles (protonated core blocks), 
where the ratio of h- and d- micelles is deliberately chosen to contrast-match with the 
solvent upon complete redistribution of h- and d-chains in the micelles. The contrast in a 
SANS experiment results from the difference in the scattering length densities (SLDs) of 
the 1H and 2H nuclei. At the beginning of the experiment (tmix = 0) there is a high scattering 
intensity as there is a large concentration of both h- and d-micelles, meaning chain 
exchange has yet to occur. As chain exchange occurs in the system, the h- and d- chains 
are distributed randomly among the micelles as a function of time, and the scattering 
intensity decreases monotonically as a function of the exchange time. This technique is 
powerful in that the dynamics of individual polymer chains can be followed due to this 
contrast matching approach, thus, the chain exchange time for a given diblock/solvent 
system can be assessed as a function of molecular parameters such as Ncore, Ncorona, χ, and 
Q.  
 Willner et al. were the first to report chain exchange measurements of PEP-PEO in 
dimethylformamide by TR-SANS.24 It was found that the extent of chain exchange, also 
called the normalized relaxation function, R(t), exhibits a logarithmic dependence with 
time, which contradicts Halperin and Alexander’s theory. This logarithmic dependence 
was also observed for the chain exchange kinetics of polystyrene-block-1,4-polybutadiene 
(PS-PB) diblocks and PB-PS-PB triblocks in n-alkanes,29 and for polystyrene-block-
poly(ethylene-alt-propylene) (PS-PEP) micelles in squalene.21 A quantitative model used 




to interpret the logarithmic time dependence of chain exchange was presented by Choi et 
al.21 In this model, R(t) is described by Equation 1.6, 
where ζ is the monomer friction coefficient, b is the statistical segment length of the core 
block, and α is a parameter of order unity. The molar mass dispersity of Ncore is accounted 
for using the Schulz-Zimm distribution function, P(Ncore), given by Equation 1.7, 
where z = (Nw/Nn – 1)–1, Γ is the gamma function, and Nw and Nn are the weight- and 
number-average degrees of polymerization of the core block, respectively. Choi’s model 
accurately describes the logarithmic time dependence of R(t) and demonstrates the 
hypersensitivity of chain exchange time on the length of the core block. 
 In Choi’s model the activation barrier to chain exchange was assumed to depend on the 
The χ parameter between the core and the solvent as Ea ~ χNcore, but this does not accurately 
describe the situation of chain exchange in a system approaching the CMT. At the CMT, 
there should be no energy barrier to chain expulsion, however, χ ≈ 0.5 at the CMT, making 
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Ma and Lodge for PMMA-PnBMA micelles in mixtures of 
[C2mim][TFSI]/[C4mim][TFSI].19 The authors proposed that Ea ~ f(χ)Ncore, where f(χ) is 
given by, 
where v1 and v2 are the molar volumes of the solvent and core block repeat unit, 
respectively, and a, b, and c are empirical constants. In this model, f(χ) is derived in the 
context of the Flory-Huggins theory, where the quantity of χ is converted by taking the 
volume of one core block repeat unit as the reference volume, and high segregation strength 
(i.e., high χNcore) is assumed. The authors report good agreement between the modified 
function and the chain exchange kinetics of PMMA-PnBMA micelles in mixtures of 
[C2mim][TFSI]/[C4mim][TFSI].19 
 Wang et al. established the dependence of chain exchange time on Ncorona for PS-PEP 
micelles in squalene.23 For PS-PEP micelles where Ncore is fixed at 255 and Ncorona is varied 
from 256 – 2080, it was found that the rate of chain exchange was increased by 2 orders of 
magnitude when comparing the shortest corona to the longest. They proposed the following 
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where Rg = Lcorona/2 is the radius of gyration of corona chains in the micelles and Rg,0 is the 
unperturbed value. 
 The significance of fusion/fragmentation processes in BCP micelles has been debated 
for some time.95,97 Traditionally, fragmentation and fusion experiments are conducted 
using temperature perturbations, as described previously, where a T-jump is applied to a 
micelle solution, and relaxation is monitored by various detection methods, such as light 
scattering and fluorescence. Due to the indirect nature of scattering and spectroscopic 
techniques, and the complicated nature of BCP micelle equilibration, it was often inferred 
that fragmentation/fusion events occurred in BCP micelle systems, but this remained a 
topic of great debate for many years. T-jump light scattering in micelle relaxation 
experiments were pioneered by Honda and coworkers,104,109 who used time-resolved static 
light scattering to monitor the micellization and equilibration kinetics of poly(α-
methylstyrene)-block-poly(vinylphenethyl alcohol) (PMS-PVPA) in the PVPA-selective 
solvent benzyl alcohol. PMS-PVPA exhibits UCMT phase behavior with a CMT at 
approximately 29 °C. SLS was used to monitor the change in the apparent molar mass, 
Mw,app, of scatterers as a function of annealing time. First, they studied the unimer to micelle 
transition (a micellization experiment), by monitoring Mw,app as a function of temperature. 
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This experiment revealed for temperatures below the CMT, a constant Mw,app is obtained, 
consistent with the molar mass of the polymer chains dissolved in solution. The onset of 
micellization above the CMT was identified at 29 °C indicated by an orders-of-magnitude 
increase in Mw,app. The time evolution of micelle molar mass was studied as a function of 
concentration at 35 °C. The authors concluded that the formation of micelles proceeds by 
a fast process (~ 0.1 to 1 h), which was attributed to micelle chain exchange, and 
equilibration in size occurs very slowly (on the order of 10 h), most likely by micelle 
fragmentation and fusion.104,109 
 While many studies of micelle fragmentation and fusion are conducted by perturbing 
the system out of equilibrium, recent reports showed that fusion and fragmentation occurs 
in various micellization scenarios, and some systems even exhibit these phenomena at 
equilibrium.120 There are several  reports on fusion and fragmentation for low molar mass 
surfactants.117,125 Rharbi and Winnik used a fluorescent pyrene-derived probe to monitor 
the kinetics of fusion and fragmentation in aqueous solutions of surfactant micelles, and 
found that a second-order kinetic process, identified as micelle fusion, occurs several 
orders of magnitude more slowly than a diffusion-controlled kinetic process.118 The first 
report of fusion and fragmentation in BCP micelles at equilibrium was also conducted 
using excimer fluorescence, and the presence of both mechanisms in aqueous solutions of 
poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) micelles was 
detected.120 Additional work using excimer fluorescence spectroscopy to study 




ionic/nonionic mixed micelles of Triton X-100 and sodium dodecyl sulfate provided a 
clearer picture of the fusion and fragmentation process.126  
Eisenberg et al.,44,127,128 and later Meli et al.,89 demonstrated that the solution 
preparation method used to prepare BCP micelle solutions greatly affects their relaxation 
behavior. Eisenberg et al. studied the thermodynamic and kinetic aspects of the formation 
of crew-cut micelles prepared from PS-PAA diblocks in DMF/water mixtures and used 
two methods to prepare micelle solutions. In the first method, micellization was induced 
by the addition of water, a PAA-selective solvent, to polymer solutions that are well mixed 
in DMF. The second method was the direct dissolution (DD) of PS-PAA in mixtures of 
DMF/water. They found that increasing the polymer concentration results in 
morphological transitions from spheres to rods, to interconnected rods, and then to bilayers. 
Furthermore, increasing water content shifts the boundaries for formation of different 
morphologies to lower polymer concentrations. In the highest water concentration samples, 
kinetic limitations to the formation of rods and bilayers were observed. They concluded 
that the mechanism of micelle formation in the first method, later deemed the cosolvent 
method (CS), leads to thermodynamically stable micelles, that grow via a nucleation and 
growth type mechanism. The DD method leads to kinetically trapped micelles that are out 
of equilibrium, which most likely grow and relax via a combination of insertion/expulsion, 
and micelle fusion and fragmentation.  
Meli et al.89,90 utilized this approach reported by Eisenberg, and demonstrated that a 
range of micelle sizes could be obtained from a single block copolymer by changing the 




solution preparation method. Meli et al. prepared PB-PEO micelles in ILs, [C2mim][TFSI] 
or [C4mim][TFSI], by different dissolution methods. It was found that micelles formed by 
direct dissolution (DD) of PB-PEO into the IL formed large, polydisperse spherical 
aggregates, which decreased in size when subjected to annealing at elevated 
temperatures.89,90 They showed that PB-PEO micelle relaxation in [C2mim][TFSI] and 
[C4mim][TFSI] was heavily dependent on temperature, but the timescale for micelle 
equilibration at 170 °C remained on the order of 103 seconds when changing the solvent 
from [C2mim][TFSI] to [C4mim][TFSI]. Analysis of this system by TR-SANS revealed 
that chain exchange did not occur up to at least 200 °C,90 indicating that micelle 
equilibration must take place through some other mechanism(s). It was also found that the 
decay in PB-PEO micelle size is well described by a compressed exponential with n = 2 in 
both ionic liquids and at various annealing temperatures.90 However, a physical 
interpretation for this compressed exponential behavior remains elusive. Although these 
results suggest that the primary relaxation mechanism in PB-PEO/[C2mim][TFSI] is 
micelle fragmentation, there are several questions that remain unanswered, including the 
dependence on solvent selectivity, initial micelle size, Ncore, and Ncorona in the fragmentation 
kinetics. 
Previous work on micelle equilibration kinetics relied on indirect detection methods, 
primarily scattering and spectroscopic methods. Cryo-TEM imaging provides additional 
insight into the micelle core size ex-situ. For kinetically trapped micelle systems, the 
change in micelle size and size distributions can be monitored ex-situ, as demonstrated by 




Esselink, Dormidontova, and Hadziioannou.121,122 Another significant advance in the field 
of micelle relaxation kinetics is the development of LP-TEM techniques. The advent of in-
situ LP-TEM has enabled the direct observation of the dynamics of nanoscale assemblies 
in solution.91,92,123,129–132 A major portion of this thesis is dedicated to the development of 
in-situ LP-TEM for PB-PEO micelles in ionic liquids, which will be discussed in 
subsequent chapters.  
Advances in the realm of liquid-phase microscopy of volatile solvents were enabled by 
liquid-cell TEM (LC-TEM). In an LC-TEM experiment, the solution must be hermetically 
sealed from the vacuum chamber of the electron microscope. This led to the fabrication of 
electron-transparent graphene and silicon nitride (SiNx) membranes, which are used for 
preparing thin-films of polymer solutions in volatile organic solvents that can be viewed 
directly in the electron microscope. Parent et al. reported the first direct observation of 
micelle fusion events in-situ using LC-TEM,123 for the micellization of an amphiphilic 
copolymer, designated as phenyl-b-peptide-co-hydroxyl, prepared by ring-opening 
metathesis polymerization of divinyltetrahydrocyclopentapyrrole-based monomers, which 
form micelles in water. They used SiNx windows to hermetically seal the aqueous micelle 
solution, and used videography to observe micelle formation, and micelle fusion events, 
in-situ. Figure 1.8 shows TEM micrographs of a micelle fusion event observed during early 
times in the micellization process. 





Figure 1.8: Micelle fusion event captured by LC-TEM where t = 0 s is the beginning of 
the fusion process, where two micelles diffusion within less than a distance Rh away from 
each other, followed by collision, merging, and relaxation to give a single, spherical micelle 
(t = 90 s). Reproduced from Reference 123.  
 
A significant drawback to the LC-TEM experiment is that the viewing windows, i.e., 
graphene and SiNx, have been shown to influence the dynamics and motion of soft matter 
in solution.123,131 This provides an exciting opportunity to exploit the non-volatility of ionic 
liquid solvents. A previous study used LP-TEM to study micelles formed by polystyrene-
block-poly(2-vinyl pyridine) (PS-P2VP) in the ILs 1-ethyl-3-methylimidazolium 
ethylsulfate ([C2mim][ETOSO3]) and 1-butyl-3-methylimidazolium tetrafluoroborate 
([C4mim][BF4]), both selective solvents for the P2VP blocks.133 The authors demonstrated 
that ILs can be used to prepare stable, free-standing, thin-films on a traditional TEM grid, 
and the nonvolatility of the IL allows for direct observation of micelle motion in solution. 
This approach is advantageous in that the tedious fabrication and assembly of electron-
transparent membranes is avoided, and the interaction of micelles with the membrane 
material is largely eliminated. However, both LC-TEM and LP-TEM experiments suffer 
from the same inherent issue, namely, the electron beam itself, which is known to influence 
the motion of particles in solution, and beam damage is of particular concern in soft matter 




systems. Regardless, the development of these techniques has led to significant discoveries 
in the realm of micelle relaxation, which will be discussed throughout this thesis.  
While there have been several reports implying that micelle fragmentation and fusion 
contribute to the process of micelle relaxation, current understanding of the fragmentation 
kinetics in diblock copolymer micelles is limited. Table 1.3 summarizes early reports on 
micelle fragmentation and fusion, but a quantitative understanding is desired, and direct 
observation of micelle fragmentation is necessary. This thesis aims to answer some 
fundamental open questions about micelle fragmentation, such as how do the kinetics 
depend on solvent selectivity and molar mass? Finally, what does the process of micelle 
fragmentation look like, in terms of micelle shape? To answer these questions, systematic 
investigations of the fragmentation behavior of PB-PEO micelles in [Cxmim][TFSI] ILs 












Table 1.3: Summary of the major findings related to micelle fusion and fragmentation 
from 1996 – 2017. 
Date Technique System Conclusion Ref. 




Fast micellization by unimer association; 
relaxation by micelle decomposition or 









Two relaxation processes by chain exchange 





Early micelle formation by unimer aggregation, 
then fusion of micellar aggregates. Relaxation 











PB-PEO micelles prepared by DD in ILs give 
large, kinetically trapped micelles that fragment 
at 170 °C. Kinetics are described by the Avrami 
equation where n = 2. No chain exchange is 









First experimental evidence of micelle fusion 







PB-PEO micelles prepared by CS method with 
THF increase in size following THF removal 
and agitation by a bimodal pathway during a 







Direct observation of micelle fusion events 
during micelle growth by LC-TEM. 
123 




1.4 – Thesis outline  
This thesis comprises eight chapters. This chapter serves as an introduction to the topic 
of micelle equilibration kinetics and serves as background for the experimental motivation 
of this work. Chapter 2 details the experimental methods used throughout, namely, the 
synthesis of PB-PEO diblocks by sequential anionic polymerization, IL synthesis, DLS, 
TR-SAXS, and LP-TEM techniques. Chapter 3 discusses the exploration of PB-PEO 
micelle fragmentation in five [Cxmim][TFSI]-based ILs, with the specific aim of 
understanding the influence of the solvent selectivity (i.e., γ) on micelle fragmentation 
kinetics. Chapter 4 reports the first direct observation of micelle fragmentation in-situ, 
using high-temperature LP-TEM. Chapter 5 is the culmination of these early investigations 
of PB-PEO micelles in [C2mim][TFSI], where the experimental efforts developed in 
Chapters 3 and 4 are utilized to explore the effect of diblock molar mass on fragmentation 
kinetics. Chapter 6 extends the molar mass study by exploring the fragmentation kinetics 
of hybrid PB-PEO micelles, prepared by blending molar masses of PB-PEO. Chapter 7 
describes current efforts to image the DD mechanism of PB-PEO diblocks in 
[C2mim][TFSI] via high-temperature LP-TEM. Finally, Chapter 8 summarizes the findings 







Chapter 2 – Experimental methods0F 
 
In studying BCP micelle fragmentation, a model diblock copolymer should meet the 
following criteria to make these experiments feasible: (i) the core block should be rubbery 
at room temperature and above to prevent glassy core dynamics influencing the micelle 
fragmentation behavior, (ii) the χ parameter between the core-forming block and the 
solvent should be very large at temperatures ranging from 25 °C up to ~ 200 °C to prevent 
individual chain exchange and to kinetically trap nonergodic micelles, (iii) the corona block 
should be well dissolved in the ionic liquid of choice, and the χ parameter between the core 
and the corona should be large enough to induce microphase separation in the bulk, which 
will aid in the process of obtaining large, kinetically trapped micelles by the DD micelle 
preparation method. Because of these constraints, and previous studies by Meli et al.90 
confirming no chain exchange in this system, the diblock copolymer used in this thesis is 
PB-PEO in [Cxmim][TFSI] ILs. For this system, the micelle core is formed by PB and the 
corona is formed by PEO. The effects of the following molecular parameters on PB-PEO 
 
 Reprinted in part with permission from Early, J. T.; Lodge, T. P. Fragmentation of 1,2-Polybutadiene-block-
Poly(ethylene oxide) Micelles in Imidazolium-Based Ionic Liquids. Macromolecules 2019, 52, 7089 – 7101. 
Copyright © 2019 American Chemical Society, Early, J. T.; Yager, K. G.; Lodge, T. P. Direct Observation 
of Micelle Fragmentation via In Situ Liquid-Phase Transmission Electron Microscopy. ACS Macro Lett., 
2020, 9, 756 – 761. Copyright © 2020 American Chemical Society, and from Early, J. T.; Block, A.; Yager, 
K. G.; Lodge, T. P. Molecular Weight Dependence of Block Copolymer Micelle Fragmentation Kinetics. J. 
Am. Chem. Soc., 2021,143, 7748 – 7758. Copyright © 2021 American Chemical Society. 
 




micelle fragmentation kinetics were studied in this thesis: 1) PB-PEO concentration in one 
IL, 2) solvent selectivity with respect to the core forming block for one molar mass of PB-
PEO in five [Cxmim][TFSI] based ILs, 3) PB-PEO molar mass in [C2mim][TFSI], where 
the total molar mass of the diblock was varied from 104 to 105 g mol–1 and nearly constant 
composition of ƒPEO ≈ 0.4, and 4) dispersity, where blends of different molar masses of 
PB-PEO were used to prepare micelle solutions in [C2mim][TFSI]. Additionally, LP-TEM 
was used to achieve the direct observation of micelle fragmentation in an IL, and also to 
observe the swelling of a lamellar PB-PEO film in an IL, which aims to mimic the 
conditions of the DD preparation procedure.  
This chapter describes the experimental techniques used in Chapters 3 – 7. The 
synthesis of linear PB-PEO diblock copolymers via two-step sequential anionic 
polymerization is introduced in Section 2.1. Polymer characterization by size exclusion 
chromatography (SEC) and proton nuclear magnetic resonance spectroscopy (1H NMR) 
are provided in Section 2.1.2. The synthesis and purification of ILs is described in Section 
2.2. Section 2.3 describes the DD method and co-solvent (CS) dissolution methods used to 
prepare PB-PEO micelle solutions in ILs, as well as the polymer blending procedure used 
to prepare hybrid micelles from PB-PEO molar mass blends. Dynamic light scattering 
(DLS) was used to characterize the total micelle radius Rh and the fragmentation kinetics, 
as discussed in Section 2.4. The change in micelle core radius during an annealing 
experiment was monitored by synchrotron small-angle X-ray scattering, as described in 
Section 2.5. Finally, the various types of TEM experiments used herein are described in 




Section 2.6. From this information, a kinetic analysis of the change in micelle size during 
fragmentation is performed to obtain the fragmentation time of PB-PEO micelles in ILs. 
 
2.1 – Polymer synthesis and characterization 
PB-PEO diblock copolymers were synthesized by sequential anionic polymerization of 
1,3-butadiene, followed by re-initiation with potassium naphthalenide (KNAP) to 
polymerize ethylene oxide. The polymerization scheme is shown in Figure 2.1.  
 
Figure 2.1: Synthesis of PB-PEO diblock copolymers by sequential anionic 
polymerization of 1,3-butadiene with sec-butyllithium in THF. Termination with one 
hydroxyl unit is achieved by the addition of excess (10 mol excess with respect to moles 
of PB-OH homopolymer) ethylene oxide at elevated temperatures. The hydroxyl end-
group is re-initiated in the presence of KNAP, and polymerization of ethylene oxide is 




conducted at 40 °C in THF to yield well-defined PB-PEO diblock copolymers with fPEO = 
0.4.  
 
2.1.1 – Anionic polymerization  
Anionic polymerization is a polymerization technique that enables the synthesis of 
block copolymers with well-defined structures, such as diblocks, triblocks, etc., and narrow 
molar mass distributions. Anionic polymerization follows chain-growth polymerization 
kinetics, with three basic steps: 1) initiation, where the initiator decomposes to give a 
reactive initiator species, followed by 2) propagation, where the reactive anion species 
generated from initiation reacts with a monomer, which continues to react and 
consecutively adds monomer units to the growing polymer chain, and finally 3) termination 
and transfer steps where living chain ends react, ideally in an irreversible fashion, to render 
the reactive chain ends effectively dead.134 The potentially living nature of this 
polymerization allows for prediction of the molar mass of the polymer solely on the basis 
of the monomer-to-initiator ratio (assuming 100% initiation efficiency), where the degree 





N =  (2.1) 
where [M]0 and [I]0 are the monomer and initiator concentrations, respectively, at time 
zero. The kinetics of chain growth polymerizations can be used to estimate reaction times 
















where kp is the propagation rate constant and 0 ≤ p ≤ 1 is the extent of reaction. An 
important consideration in the synthesis of low-dispersity polymers by anionic 
polymerization is the presence of impurities. Due to the reactivity of propagating anions in 
this technique, it is imperative to remove all impurities, air, and water from the system 
prior to the initiation step to maintain the living nature of this polymerization.  
 Several types of monomers are amenable to anionic polymerization techniques, 
including olefins like butadiene, styrene, isoprene, and ethylene, acrylates such as methyl 
methacrylate and methyl acrylate, and heterocycles, such as ethylene oxide.135 In the case 
of vinyl monomers of type CH2=CHX, the X group must be electron-withdrawing to 
stabilize the resulting carbanion. In the case of heterocyclic ring monomers, the ring must 
be amenable to a nucleophilic attack and result in a stable propagating anion. Examples of 
heterocyclic monomers amenable to anionic ring-opening polymerization include 
epoxides, cyclic siloxanes, lactones, and carbonates.    
In anionic polymerization, many diblock copolymers are synthesized by sequential 
addition of a second monomer following full conversion of the first monomer to yield an 
AB diblock (e.g., PS-PI or PS-PB). In preparation of diblock copolymers by anionic 




polymerization, the living homopolymer chains will act as a macroinitiator for the 
polymerization of the second block, and after full conversion of the second monomer, the 
chain ends are terminated to give diblock copolymers. However, the drawback to this 
approach is that the reactivity of the second monomer must be similar to that of the first 
monomer under the reaction conditions employed. In other words, a critical constraint in 
synthesizing a diblock copolymer by sequential anionic polymerization is that the 
carbanion of the first block must be capable of initiating the polymerization of the second 
block. This means that the stability of the anion formed by polymerization of the second 
monomer must be greater than or equal to that of the first block. Other considerations for 
sequential anionic polymerization are that the solvent chosen for the reaction must be 
suitable for all blocks, and the counterion species must be suitable for the polymerization 
of both blocks. 
These constraints limit the types of monomers that can be used in a sequential anionic 
polymerization. As 1,3-butadiene is ideally polymerized with alkyl lithium-based 
initiators, the polymerization of ethylene oxide (EO) by sequential addition is not possible 
due to the strong coordination between the alkoxide species (CH2O‒) formed upon ring-
opening of EO and Li+ cations in solution. The reactivity of the alkoxide is less than that 
of the carbanion formed in the presence of Li+ cations, and large molar masses of PEO 
cannot be achieved under these conditions. Thus, a two-step approach is used to synthesize 
PB-PEO, where polymerization of 1,3-butadiene in a polar, aprotic solvent at low 
temperatures favors the 1,2-addition mechanism, and the living PB polymer chains are end-




capped by the addition of EO at the end of the reaction, to yield mono-functionalized 1,2-
polybutadiene-OH upon termination with acidic methanol.136 The tight ion pair between 
the alkoxide end group and Li+ ensures that mono-functionalization is achieved, as only 
one EO unit is added under these conditions, even with a 10-fold molar excess of EO added 
to the reactor. PB-OH homopolymer was purified by precipitation, characterized by 1H 
NMR spectroscopy and SEC, and used as a macroinitiator in the polymerization of EO to 
yield PB-PEO diblocks.   
 For re-initiation of the PB-OH homopolymer, a potassium-based initiator is preferred 
for polymerization of EO, as the alkoxide species (CH2O‒) formed upon ring-opening of 
ethylene oxide and K+ forms a looser ion pairs in comparison to coordination of the 
alkoxide with Li+.136 With this in mind, the initiator must be a strong base so as to 
deprotonate the PB-OH homopolymer, but a weak nucleophile, so as to favor initiation by 
the homopolymer and not the initiator itself. Thus, the initiator commonly used in the 
synthesis of poly(alkane)-block-poly(ethylene oxide) diblocks is KNAP, as shown in 
Figure 2.1.136   
In this work, six molar masses of PB-PEO diblock copolymers were synthesized by 
two-step sequential anionic polymerization with constant PEO composition (fPEO = 0.4), as 
described here. The reaction setup used was described in previous reports.136,137 1,3-
Butadiene (Sigma Aldrich, ≥ 99%) and ethylene oxide (Sigma Aldrich, ≥ 99.5%) were 
purified by stirring with vacuum-dried n-butyllithium (Sigma Aldrich, 2.5M in hexanes) 
twice for 30 min. Six molar masses (6 – 53 kg mol–1) of hydroxyl-terminated 1,2-




polybutadiene were synthesized via anionic polymerization of 1,3-butadiene with sec-
butyllithium (Sigma Aldrich, 1.4M in cyclohexane) in tetrahydrofuran (THF) at –75 °C for 
8 h; the polymer chains were end-capped with a single ethylene oxide unit at 27 °C, and 
the polymerization was terminated by the addition of acidic methanol (1:10 HCl:methanol). 
Polymerization of 1,3-butadiene is known to favor 1,2-addition in low temperatures and 
polar, aprotic solvents, thus the reaction is run with THF as the solvent, and with the reactor 
submerged in a dry ice/isopropanol bath to maintain temperatures of –75 °C. A 
concentrated solution of PB-OH in dichloromethane was precipitated into an excess of cold 
methanol, isolated via vacuum filtration, and dried under vacuum (< 100 mTorr) at 40 °C 
for 72 h prior to use. PB-PEO diblocks with a nearly constant volume fraction of PEO (fPEO 
≈ 0.4) were prepared by subsequent anionic polymerization of ethylene oxide. The 
polymerization was performed in THF at 40 °C for 24 h in the presence of PB-OH with 
potassium naphthalenide. The polymerization was terminated by the addition of acidic 
methanol (1:10 HCl:methanol). PB-PEO diblocks were freeze-dried in benzene with 0.1 
wt % BHT as an antioxidant under vacuum (< 100 mTorr) at 27 °C for 24 h prior to use. 
Explicit molar masses of PB-PEO diblocks are denoted BO(x-y), where x and y indicate 
the number- average molar mass of the PB and PEO blocks in kg mol–1, respectively. 





2.1.2 Polymer characterization  
SEC with a multi-angle light scattering detector (SEC-MALS) and refractive index (RI) 
detector is commonly used for the determination of number-average molar mass (Mn), 
weight-average molar mass (Mw), and dispersity (Ð = Mw/Mn). The packing material in the 
column consists of porous particles with some characteristic range of pore sizes, and the 
separation mechanism in this chromatography technique relies on the hydrodynamic 
Table 2.1: Characteristics of BO(x-y) Diblock Copolymers. 
Sample Mn,PB (kg mol–1) Mn,PEO (kg mol–1) fPEO Ð 
BO(6-5) 6.5 5.2 0.38 1.14 
BO(8-6)a 8.4 6.4 0.37 1.10 
BO(8-7) 9.4 7.6 0.38 1.07 
BO(10-9) 10 9.4 0.43 1.05 
BO(25-22) 25 22 0.41 1.09 
BO(27-27) 27 27 0.43 1.06 
BO(53-46) 53 46 0.40 1.05 
1H NMR spectroscopy in CDCl3 was used to determine the number average molar mass 
(Mn) and volume fraction of PEO (fPEO) using bulk densities ρPB = 0.87 g/cm3 for PB, 
and ρPEO = 1.13 g/cm3 for PEO. SEC with a multi-angle light scattering detector in THF 
was used to determine the weight average molar mass (Mw) and molar mass dispersity 
(Ð = Mw/Mn) of the diblocks. 
aSynthesized previously by Dr. Luciana Meli. 




volume, Vh, of the polymer chains. The hydrodynamic volume is roughly proportional to 
the radius of gyration (Rg) cubed, thus the polymer chains in a sample with a smaller Vh 
(and therefore smaller Rg and N) can permeate the porous packing material and will elute 
later.135 In contrast, larger N species will be excluded from smaller pores, and thus elute 
earlier.  
 
Figure 2.2: SEC RI traces of PB-PEO diblocks in THF. The dn/dc was estimated by the 
mass-weighted average of each block. Reproduced from Reference 139. 
 
In this work, Mn, Ð, and fPEO were determined by a combination of SEC-MALS (Wyatt 
Dawn Heleos II) in THF and 1H nuclear magnetic resonance spectroscopy (1H NMR) in 
CDCl3 (1H NMR, Varian Inova 500) as shown in Table 2.1. The refractive index detector 
traces from SEC in THF of BO(x-y) are shown in Figure 2.2. The refractive index 
increment (dn/dc) for a diblock was estimated as the weight average of the refractive index 
increments for PB in THF (dn/dc = 0.119 mL/g) and PEO in THF (dn/dc = 0.068 mL/g).138  




 1H NMR spectroscopy was used to conduct end-group analysis of PB-PEO diblocks to 
determine the number-average molar mass Mn of each block, and the volume fraction of 
PEO. In an NMR spectrum, the various chemical shifts of each peak arise due to the local 
magnetic fields experienced by protons which is dependent on the local molecular 
structure. Figure 2.3 shows the 1H NMR spectra for six PB-PEO diblocks in deuterated 
chloroform (CDCl3),139 where the chloroform peak is observed at 7.26 ppm.  
 
Figure 2.3: 1H NMR spectra of BO(53-46) (bottom, purple), BO(27-27) (navy  blue), 
BO(25-22) (light blue), BO(10-9) (green), BO(8-7) (orange), and BO(6-5) (top, red) in 
CDCl3. Reproduced from Reference 139.  
 




 The integrated area (A) of the peaks corresponds to the relative number of hydrogen 
atoms, assuming the end group peak is well-defined and its chemical shift is known. For 
PB-PEO diblocks, methyl protons from the sec-BuLi initiator are observed at ~ 0.84 ppm 
and the area of this peak is normalized to 6 for end-group analysis. The percentage of 1,2 
addition is determined by Equation 2.3,  
c
1,2
c d' d c
/ 2
  
/ 2 [( ) / 2] / 2
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where Ac is the integrated area for the terminal vinyl protons of the PB repeat unit with 1,2-
regiochemistry (δ = 4.94 ppm), Ad is the integrated area for the alkene protons of the 1,4-
PB repeat unit (δ = 5.32 ppm), and Ad’ is the integrated area for the alkene proton that is α 
to the terminal vinyl protons in the 1,2-PB repeating unit (δ = 5.44 ppm). Setting the 
integral area for the methyl end group protons, Aa (δ = 0.83 ppm), Mn,PB is determined by 
Equation 2.4, 










































where M0,EO = 44.1 g/mol is the molar mass of ethylene oxide and Ab is the integrated area 
for the methylene protons of the EO repeat unit (δ = 3.64 ppm). Finally, the volume fraction 
of PEO, fPEO, is given by Equation 2.6. 
n,PEO PEO
PEO











where ρi are the bulk densities ρPB = 0.87 g/cm3 for PB, and ρPEO = 1.13 g/cm3 for PEO. 
 
2.2 – Ionic liquid synthesis 
Ionic liquids have emerged as a unique class of so-called “designer” solvents due to 
their structural tunability from the selection of the cation and anion. The most useful 
characteristic of ILs leveraged in this work is their remarkable non-volatility and thermal 
stability.140 These desirable properties allow for micelle fragmentation kinetics to be 
studied at elevated temperatures, making the temporal window for fragmentation 
accessible with traditional laboratory techniques. Additionally, the negligible vapor 
pressure of these ILs allows for facile observation of fragmentation in-situ via LP-TEM. 




Using IL solvents for LP-TEM allows the direct observation of stable, free-standing IL-
micelle films in the electron microscope, which is, comparatively, a more accessible 
method of solution observation in comparison to hermetically sealed LC-TEM methods. 
This section describes the synthesis and characterization of [Cxmim][TFSI]-based ILs 
through traditional ion exchange reactions, as described in a previous report.141 
2.2.1 – Ion exchange reaction 
The ILs 1,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide 99% 
([C1mim][TFSI]) and 1-hexyl-3-methylimidazolium TFSI ([C6mim][TFSI]) 99.5% were 
purchased from IoLiTec. The ILs [C2mim][TFSI], [C4mim][TFSI], and [C8mim][TFSI] 
were synthesized by anion exchange reactions.141 The typical procedure for IL synthesis is 
as follows. For synthesis of [C2mim][TFSI], shown in Figure 2.4, anion exchange between 
1-ethyl-3-methylimidazolium bromide ([C2mim][Br]) and lithium TFSI, both purchased 
from IoLiTec, was carried out in water at 70 °C for 24 h.  
 
Figure 2.4: Anion exchange of [C2mim][Br] and [Li][TFSI] in water to yield the IL 
[C2mim][TFSI]. 
 
The reaction mixture was diluted with dichloromethane, the aqueous layer was 
removed, and the organic layer was washed with water three times. The organic layer was 
stirred in activated charcoal for 24 h before passing the solution through an alumina 




column. Dichloromethane was removed in vacuo, and [C2mim][TFSI] was dried under 
vacuum ( < 100 mTorr) at 60 °C for 72 h. The same general procedure was used to 
synthesize [C4mim][TFSI] and [C8mim][TFSI], but [C2mim][Br] was replaced with 
[C4mim][Cl] (IoLiTec., 99%) and [C8mim][Cl] (IoLiTec., 99%), respectively. All ILs were 
dried under vacuum ( < 100 mTorr) at 60 °C for 72 h prior to use.  
2.2.2 – Ionic liquid characterization 
All ILs were characterized by 1H, 13C, and 19F NMR spectroscopy in DMSO-d6 (1H 
NMR, Varian Inova 500). The 1H and 13C NMR spectra for all ILs are shown in Figures 
2.5 – 2.9. In Figures 2.5 – 2.9, the DMSO protons are observed at δ = 2.50 ppm, and a trace 
amount of water can be observed at δ = 3.4 ppm. The water peak is most likely due to 
absorbed moisture in the NMR solvent itself, as the ILs are vacuum dried at elevated 
temperatures and stored in a vacuum desiccator when not in use. 19F NMR spectra of all 
ILs used in this thesis are shown in Figure 2.10, where a single NMR peak is observed for 
all ILs resulting from the fluorine atoms in the TFSI anion. This peak in the 19F NMR of 
[Cxmim][TFSI] based ILs appears at approximately δ = –79.0 ppm for all ILs, as shown in 


































Figure 2.6: (a) 1H NMR and (b) 13C NMR spectra of [C2mim][TFSI] in DMSO-d6. 
a 
a 






















Figure 2.7: (a) 1H NMR and (b) 13C NMR spectra of [C4mim][TFSI] in DMSO-d6. 
c a 



















































































































Figure 2.10: 19F NMRs of (a) [C1mim][TFSI], (b) [C2mim][TFSI], (c) [C4mim][TFSI], (d) 
[C6mim][TFSI], and (e) [C8mim][TFSI] in DMSO-d6. 
 
 




2.3 – Micelle solution preparation 
It is well known that the method of preparation will affect the resulting size of micelles 
in solution. Eisenberg et al.,44,127,128  and later Meli et al.,89,90 demonstrated that the solution 
preparation method used to prepare BCP micelle solutions greatly affects their relaxation 
behavior. In this work, we exploit the approach used by Eisenberg et al.44,127,128  and Meli 
et al., 89,90 who showed that a range of micelle sizes could be obtained from a single block 
copolymer by changing the solution preparation method. Meli et al. prepared PB-PEO 
micelles in the ILs [C2mim][TFSI] or [C4mim][TFSI] by different dissolution methods. 
They noted that micelles formed by direct dissolution of PB-PEO into the IL formed large, 
polydisperse spherical aggregates, which decreased in size when subjected to annealing at 
elevated temperatures.89,90  
2.3.1 – Direct dissolution (DD) 
DD of BO(8-6) in [Cxmim][TFSI] 
All micelle solutions were prepared by the DD method described here, unless noted 
otherwise. The desired amounts of BO(8-6) and IL were combined by weight in a 20 mL 
scintillation vial equipped with a stir bar to obtain the desired concentration. The vial was 
placed into an oil bath and stirred vigorously at 70 °C for 48 h. The resulting DD solutions 
were slightly blue-tinted in color when [C1mim][TFSI], [C2mim][TFSI], or [C4mim][TFSI] 
was used as the solvent. Solutions prepared by DD in [C6mim][TFSI] and [C8mim][TFSI] 
were clear and colorless. Micelle fragmentation is expected to be a first-order kinetic 




process with respect to polymer concentration, therefore, the concentration dependence of 
fragmentation was studied for BO(8-6) micelles prepared by DD in [C2mim][TFSI]. For 
the concentration series of 0.5, 0.25, 0.1, and 0.05 wt % BO(8-6) in [C2mim][TFSI], a 1 wt 
% solution was prepared by the DD protocol described previously, and subsequently 
diluted with additional [C2mim][TFSI].  
DD of BO(x-y) in [C2mim][TFSI] 
To study the molar mass dependence of micelle fragmentation, the DD protocol was 
also used to prepare large, kinetically trapped micelles in a single IL, namely, 
[C2mim][TFSI], using the same protocol. Because larger molar mass polymers were used 
in this study, the concentration of polymer used for the molar mass study was 0.25 wt % to 
prevent any turbidity in the micelle solutions, as this would influence the light scattering 
results. The resulting DD solutions were slightly blue-tinged for BO(6-5), BO(8-7), 
BO(25-22), and BO(27-27) micelles, whereas  those for BO(10-9) and BO(53-46) were 
white-tinged.  
 
Figure 2.11: 0.25 wt % PB-PEO micelles as prepared by DD with increasing molar mass 
of PB-PEO from left to right. 
 




2.3.2 – Cosolvent dissolution (CS) 
In the CS dissolution method, a good solvent for the IL and PB-PEO blocks is added 
to the micelle solution and all components of the solution are well dissolved in the 
cosolvent. Then, the cosolvent is slowly removed through a gentle nitrogen purge over the 
course of 24 h, which induces micellization. The slow change in χ between the core block 
and the mixed solvent allows for thermodynamic control over the micelle formation 
process. This preparation procedure was shown to give small micelles with radii that are 
constant with annealing time, and these micelles typically do not undergo fragmentation in 
the PB-PEO/IL system. The desired amounts of PB-PEO and IL were combined by weight 
in a 20 mL scintillation vial equipped with a stir bar to obtain a 0.5 wt % solution. 
Dichloromethane, a common solvent for both blocks, was added to the vials with a 1:1 w/w 
IL-to-dichloromethane ration. After complete dissolution of the polymer, the cosolvent was 
gradually removed by stirring the solution under a nitrogen purge for 24 h to cause 
aggregation of the PB block.82,84 The solutions were dried under vacuum ( < 70 mTorr) at 
60 °C for 24 h to remove trace amounts of remaining cosolvent.  
2.3.3 – Preparation of hybrid micelles from PB-PEO blends 
Previous work by Zhao et al.142 demonstrated that the use of molar mass blends to 
prepare hybrid micelles can also change the initial micelle radius, and the equilibration 
kinetics. To further explore this effect in the PB-PEO/IL systems used previously, binary 
blends of the PB-PEO diblocks shown in Table 2.1 were prepared by freeze-drying in 
benzene. In this procedure, the desired amount of each molar mass were combined in a 100 




mL glass jar, and the diblocks were dissolved in benzene. Then, the benzene was removed 
by freeze-drying process, where the polymer solution is frozen in liquid nitrogen, and the 
solvent is removed under vacuum ( < 70 mTorr) at 27 °C for 24 h to give well-mixed PB-
PEO blends. Then, the DD method in [C2mim][TFSI] was used to give hybrid micelle 
solutions with cpolymer = 0.25 wt %. 
The mole fraction of the longer block, x̅L, and the average degree of polymerization of 
the core and corona, Ncore and Ncorona, for PB-PEO blends were calculated by Equations 
2.7 and 2.8, respectively,142 
L n,L
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L ,L L ,S(1 )i i iN x N x N= + −  (2.8) 
where wL is the weight fraction of the longer block, Mn,L is the number-average molar mass 
of the longer block, Mn,S is the number-average molar mass of the shorter block, and Ni 
where i = core or corona is the degree of polymerization of either the longer block, Ni,L, or 
the shorter block, Ni,S. 
 




2.4 – Dynamic light scattering (DLS) 
Dynamic light scattering (DLS) is frequently employed to characterize the radius of 
BCP micelles in solution.17,79,89–91 Not only is DLS employed to characterize the 
equilibrium micelle radius, but the equilibration kinetics are commonly studied using high-
temperature DLS.90,91,100–102,142 Specifically, the hydrodynamic radius, Rh, is determined 
from DLS measurements, and this radius is assumed to be equal to the total micelle radius 
(Rmic = Rh ≈ Rcore + Lcorona) for solutions that are well below the micelle overlap 
concentration. This section gives a brief description of the theory of DLS, followed by the 
experimental methods used to study PB-PEO micelle fragmentation in ILs. Three 
quantities are necessary to deduce quantitative information on the micelle fragmentation 
kinetics, namely, 1) the initial, as-prepared average micelle radius, Rh0, which is 
determined by multi-angle DLS at room temperature following the dissolution of PB-PEO 
in an IL, 2) the time-dependent micelle radius, Rht, which is monitored during an 
annealing experiment at a single scattering angle, to determine the fragmentation kinetics, 
and 3) the steady-state micelle radius, Rhf, after fragmentation, which is determined using 
multi-angle DLS at room temperature. From this information, a kinetic analysis of the 
change in Rh is performed to obtain the fragmentation time of PB-PEO micelles in ILs. 
2.4.1 – Theory 
DLS is a widely utilized technique for the characterization of particle size distributions 
in solution. The particles, e.g., micelles, move in solution via Brownian motion due to the 




collisions of the particles with solvent molecules. This causes the particle position to be 
constantly changing, thus the intensity of scattered light is a function of the instantaneous 
spatial arrangement of the scattering particles. Light scattered from the particles can 
interfere more or less destructively, and the dynamics of the particle motion is reflected in 
the intensity autocorrelation function, g
2
(τ), as shown in Equation 2.9,  
2 2
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=  (2.9) 
where τ is the delay time. For fast-moving small particles, this correlation in intensity 
decays more quickly, and this means that smaller particles will require less time than the 
larger particles in solution for g
2
(τ) to decay to 1. At this point, I(t) and I(t+τ) are 
uncorrelated, and particle size is directly related to τ. Then, g
2
(τ) is converted to the electric 
field autocorrelation function, g
1
(τ), via the Siegert relation,143  
2
2 1( 1 ( )g g  ) = +  (2.10) 
where β is a coherence factor that depends on the geometry and alignment of the laser. For 
a single population of scatterers, the electric field autocorrelation function can be fit to an 
exponential decay,  
1( ) exp( )g  = −  (2.11) 




where Γ is the decay rate. The decay rate is related to the tracer diffusion coefficient, Dt, 
which is calculated from Equation 2.12 
2
tD q =  (2.12) 
assuming dilute solutions where Dt ≈ Dm. The magnitude of the scattering vector q is 













where n is the refractive index of the solvent and λ0 is the wavelength of light in a vacuum. 
For multi-angle light scattering experiments, Dm is estimated by taking the slope of the line 
in plots of Γ versus q2 with zero intercept. For dilute solutions, Dm is used as an 
approximation of the tracer diffusion coefficient, Dt. This is used to calculate the 






=  (2.14) 
where k is the Boltzmann constant, T is the temperature, and ηs(T) is the solvent viscosity. 
2.4.2 – Experimental details 
DLS measurements were performed on two instrumental setups. The first is a home-
built light scattering setup equipped with a Brookhaven BI-DS photomultiplier mounted to 




an adjustable goniometer, a Lexel Ar+ laser (λ = 488 nm), and a Brookhaven BI-9000 
correlator. The second instrument is a commercially manufactured DLS instrument with a 
Brookhaven BI-200SM goniometer, a Brookhaven BI-9000AT correlator, and a mini-
diode laser (λ = 637 nm). All annealing experiments were conducted on the home-built 
DLS instrument, and room-temperature multi-angle measurements were obtained on the 
commercial DLS, unless indicated otherwise. During a typical annealing experiment, the 
temperature was controlled with an index-matching high-temperature silicone oil bath to 
within ±0.1 °C. To verify the size of the micelles before and after annealing, multi-angle 
light scattering experiments were performed at T = 27 °C with a range of scattering angles 
θ from 60° to 120°. All micelle solutions were passed through 0.45 μm PTFE syringe filters 
to remove any dust, and subsequently flame-sealed under vacuum (≤ 70 mTorr) in a dust-
free glass tube (I.D. 0.51 cm) to prevent degradation of the block copolymer and to avoid 
contact with moisture and dust. In an annealing experiment, the oil bath temperature was 
allowed to equilibrate for 30 min prior to introducing the sample. The electric field 
autocorrelation function, g1(τ), was measured at θ = 90° as a function of time. For each 
time point, g1(τ) was acquired for 90 sec. The electric field autocorrelation function was 
converted to the intensity autocorrelation function, g2(τ), via Equation 2.10,143 which was 
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The solvent viscosity used to obtain Rh from Equation 2.14 is ηs(170 ºC) = 2.4 kPa·s 
for [C2mim][TFSI].87 The temperature dependence of the viscosity is well described by the 
Vogel-Fulcher-Tamman (VFT) equation for [C2mim][TFSI] and many other ILs.87,144–146 
For [C2mim][TFSI], the temperature dependence follows log[η(T)/η∞] = B/(T – T0), where 
η∞ = 1.4 × 10–4 Pa*s, B = 376 K, and T0 = 145 K for [C2mim].87 VFT parameters for 
[C4mim] were reported as η∞ = 1.7 × 10–4 Pa*s, B = 763 K, and T0 = 180 K.144 For 
[C6mim][TFSI], reported VFT parameters are η∞ = 1.0 × 10–4 Pa*s, B = 819 K, and T0 = 
166 K.145 The refractive index and viscosities of all ILs used to estimate Rh are summarized 
in Table 2.2.  
Table 2.2: Summary of IL n at 27 °C, viscosity in cP at room temperature, ηs(27 ºC), and 
viscosity in cP at 170 °C, ηs(170 ºC) used to estimate Rh from Equation 2.14. 
IL Cation n ηs(27 ºC) (cP) ηs(170 ºC) (cP) 
[C1mim] 1.400 37.1 2.6 
[C2mim] 1.419 33.9 2.4 
[C4mim] 1.428 50.9 2.7 
[C6mim] 1.430 68.0 3.1 
[C8mim] 1.435 93.0 3.3 
 
The temperature dependence of n was not established for all ILs, and instrumental 
limitations prevented direct measurement of n at this temperature, so the room temperature 
values of n for each IL, reported previously,147–150 were used for all analyses. Because the 




fragmentation kinetics were obtained by a normalization of Rh, this is not expected to 
influence the time constants obtained for micelle fragmentation.  
Additional analysis of the micelle size distribution was performed by applying the 
regularized positive exponential sum (REPES) Laplace inversion to the intensity 
autocorrelation function.151 Application of this algorithm results in a decay rate 
distribution, G(Γ), which can be expressed in terms of the hydrodynamic radius from 
Equation 2.14. When the REPES routine showed a sample with a bimodal distribution, 
g1(t) was fit to a double-exponential function, shown in Equation 2.16, to obtain the decay 
rates of each population. 
1 1 1 2 2( ) exp( ) exp( )g f f  = − + −  (2.16) 
Representative REPES plots of 0.25 wt % BO(x-y) in [C2mim][TFSI] are shown in Figure 
2.12 (a) as prepared by DD and (b) after annealing at 170 °C. As evidenced by the figures, 
the total micelle radius decreases substantially after annealing, which is indicative of 
micelle fragmentation in this system.  





Figure 2.12: REPES results for 0.25 wt % PB-PEO in [C2mim][TFSI] (a) as-prepared by 
DD and (b) steady-state after annealing at 170 °C. Light scattering measurements were 
performed at a scattering angle of 90°. Reproduced from Reference 139.  
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 In a high-temperature DLS experiment, Rht is measured at θ = 90°. Because this is a 
single-angle measurement, the absolute value of Rh is not necessarily representative of the 
actual micelle radius as the scattering intensity is angle-dependent, and therefore Γ is angle-
dependent as shown in Equation 2.12. Instead, the normalized change in radius, R(t), is 











where Rh0 is the initial, as-prepared micelle radius and Rhf is the steady-state micelle 
radius. Both Rh0 and Rhf are measured using multi-angle DLS at room temperature 
before and after fragmentation, respectively. The fragmentation time, τfrag, is determined 
by fitting R(t) to a compressed exponential, shown in Equation 2.18, 
frag( ) exp[ ( / ) ]
nR t t = −  (2.18) 
where t is the annealing time and n is the compression exponent. In this thesis and previous 
work of PB-PEO fragmentation in ILs, n ≈ 2 is consistently obtained, as discussed in 
Chapters 3 – 6. Example data of the temperature dependence of R(t) from high-temperature 
DLS experiment of 0.5 wt % BO(8-6) in [C2mim][TFSI] is shown in Figure 2.13a.91 The 
points represent the normalized change in Rh determined by Equation 2.17, and the solid 
lines represent fits to Equation 2.18. Figure 2.13b shows an Arrhenius plot of ln(τfrag/η) as 




a function of inverse temperature, which is used to estimate the activation barrier for BO(8-
6) micelle fragmentation. 
 
Figure 2.13: (a) High-temperature DLS results for 0.5 wt % BO(8-6) in [C2mim][TFSI] at 
T = 170 °C (black circles), 160 °C (red squares), 150 °C (blue triangles), 140 °C (green 
diamonds), and 120 °C (purple stars). Solid lines represent the best fits to Equation 2.18 
with n fixed at 2. All scattering measurements were obtained at θ = 90°. (b) Arrhenius plot 
for 0.5 wt % BO(8-6) in [C2mim][TFSI]. The insert shows the equation obtained by best 
linear fit to the data, where the activation barrier, Ea, for fragmentation is 143 kJ/mol. 
Reproduced from Reference 91.  
 
2.5 – Small-angle X-ray scattering (SAXS) 
The use of light scattering in combination with SAXS allows for the determination of 
detailed molecular and structural information during the micelle relaxation process. When 
applying perturbations like T-jumps to the micelle system, it is critical to understand if any 


























































2.5.1 – Theory 
In SAXS, a collimated beam of X-rays hits the sample, and X-rays that are elastically 
scattered by the sample are detected at a fixed range of angles. This results in the formation 
of a scattering pattern. Contrast in SAXS arises from the differences in electron density; 
for a block copolymer in an IL solvent, each block, as well as the solvent, will have 
different contrast with respect to one another. The intensity, I(q), of detected scattering for 
a given technique, be it light, X-rays, or neutrons, can be calculated via Equation 2.19 
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 (2.20) 
where the contrast is determined as shown in Equation 2.20 for X-ray scattering. In 
Equation 2.20, Vref is the solvent reference volume, b = ∑ zreatom , where z is the atomic 
number, and re is the radius of an electron (2.81×10‒13 cm), and V1 and V2 are the volumes 
of each block in the copolymer. From Equation 2.19, the scattered intensity is a function 
of q, which is defined by Equation 2.13, and the structure factor, S(q).  
 The small angle scattering intensity for an isotropic solution of disperse spherical 
micelles may be written per the decoupling approximation as shown in Equation 2.21,152 




( ) contrast( ( ) ( ))I q P q S q=  (2.21) 
where P(q) is the block copolymer micelle form factor. For concentrated micelle solutions, 
where inter-micelle interactions contribute to the scattering intensity, S(q) is defined by the 
the hard-sphere structure factor with the Percus-Yevick closure. For dilute micelle 
solutions, i.e., concentrations below the micelle overlap concentration, S(q) goes to 1, and 
does not contribute to the solution scattering. In this work the form factor described by 
Pedersen et al.153 is used. In the model described by Pedersen, the scattering intensity for 
a BCP micelle solution is defined by Equation 2.22, 
2
core mic mic core( ) ( ) ( ) ( )( ( ) 1) dI q D R P q A q S q R = + −   (2.22) 
where Rcore is the micelle core radius with distribution D(Rcore), Pmic(q) is the spherical form 
factor for the micelle core153 and Amic(q) is the form factor amplitude. Micelle 
polydispersity is introduced to Equation 2.22 from the term D(Rcore) = exp[‒(Rcore ‒ 
〈Rcore〉)
2/ σcore2]/√2πσcore for Rcore > 0. Pmic(q) is defined by Equation 2.23, 
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where Q = (4πRcore3)/(3Vcore), is the aggregation number calculated assuming the core is 
devoid of solvent, Vcore = Mn,core/ρNAv, and βi is the excess scattering length density of the 




core or corona chains. In Equation 2.23 the first term represents the core chain self-
correlations, the second term represents the corona chain self-correlations, the third term 
represents the core-corona chain correlations, and the fourth term represents intra-micelle 
corona-corona interactions. Pcore(q) is form factor for the contribution from a spherical 
homogeneous core of radius Rcore, given by Equation 2.24, 
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where σ describes the width of the core-corona interface. In the corona self-correlation 
term, Pcorona(q) is given by the Debye function for a Gaussian chain with a radius of gyration 
Rg. 
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 The core-corona correlations and inter-micelle interaction terms are described by 
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2.5.2 – Ex-situ SAXS 
Ex-situ SAXS experiments in Chapters 3 and 6 were conducted at the 5-ID-D beamline 
of the Dupont-Northwestern-Dow Collaborative Access Team (DND-CAT) at the 
Advanced Photon Source, Argonne National Laboratory. Micelle solutions of 0.5 wt % 
BO(8-6) were passed through 0.45 μm PTFE syringe filters to remove any dust or large 
aggregates, and subsequently flame-sealed under vacuum (≤ 70 mTorr) in a glass tube to 
prevent degradation of the block copolymer and to avoid contact with moisture and dust. 
The glass tubes were submerged in an oil bath at T = 170 °C and held at this temperature 
for the specified amount of time. Each glass tube was quenched to room temperature in a 
water bath to obtain a time-point sample for ex-situ SAXS. At room temperature the 
activation barrier to fragmentation is large enough where essentially no fragmentation takes 
place at room temperature on a reasonable timescale (i.e., no change in micelle size for the 
as-prepared by DD solutions was observed when samples were stored at room temperature 
for approximately three months). The glass tubes were opened and taken into a glove box 
to load the micelle solutions into 1.5 mm diameter borosilicate capillaries (Charles Supper 
Co.), sealed with epoxy under an argon atmosphere, and then placed into a 16-capillary 
ambient temperature stage. SAXS measurements were conducted at room temperature. 
Two-dimensional scattering patterns were obtained using a Rayonix MX170-HS CCD area 




detector using a 0.5 s exposure time to 17.0 keV X-rays with a wavelength of λ = 0.729 Å 
and a sample-to-detector distance of 8.5 m. The 2D data were azimuthally averaged to yield 
1D scattering patterns as intensity versus q. The incoherent background (i.e., IL and 
capillary scattering) exhibits a slight upturn at higher q values for the ionic liquids 
[C6mim][TFSI] and [C8mim][TFSI], which corresponds to nanometer length scale ordering 
within the IL itself.154–156 The incoherent background was fit to a power law (I(q) = A + 
Bq‒m + Cq2, where 2 ≤ m ≤ 4) and subtracted from the solution scattering data.154 For the 
solvents [C1mim][TFSI], [C2mim][TFSI], and [C4mim][TFSI] no upturn at higher q is 
observed, and these solvents are fit to a power law equation where the constant C is equal 
to zero. The background-corrected intensity traces were analyzed using the Pedersen model 
for block copolymer micelles with the Percus-Yevick structure factor.153,157 SAXS fitting 
was conducted in Igor Pro 8 software using a fitting routine based on the Pedersen BCP 
micelle form factor model described in Equations 2.22 – 2.27. 
Ex-situ SAXS data for BO(8-6) in [C4mim][TFSI], [C6mim][TFSI], and 
[C8mim][TFSI] are shown in Figures 2.14 – 2.16.91 Scattering curves for BO(8-6) in 
[C1mim][TFSI] and [C2mim][TFSI] are discussed in Chapter 3. The scattering intensity 
traces are shifted vertically for clarity. From the figures, the shift in the first minimum of 
the form factor, qmin, to larger values of q as a function of annealing time is indicative of a 
decrease in Rcore, based on the hard sphere approximation where qR = 4.493. As evidenced 
by Figures 2.14 – 2.16, the micelle core radius decreases with annealing time, indicative of 
fragmentation.  





Figure 2.14: Structural evolution of 0.5 wt % BO(8-6) in [C4mim][TFSI] during a T-jump 
to 170 °C by SAXS curves fit to the Pedersen model (solid black lines). The curves are 
shifted vertically for clarity. Measurements were acquired at room temperature after 
quenching each sample in a room temperature water bath. Reproduced from Reference 91.  
 
 
Figure 2.15: Structural evolution of 0.5 wt % BO(8-6) in [C6mim][TFSI] during a T-jump 
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shifted vertically for clarity. Measurements were acquired at room temperature after 
quenching each sample in a room temperature water bath. Reproduced from Reference 91.  
 
 
Figure 2.16: Structural evolution of 0.5 wt % BO(8-6) in [C8mim][TFSI] during a T-jump 
to 170 °C by SAXS curves fit to the Pedersen model (solid black lines). The curves are 
shifted vertically for clarity. Measurements were acquired at room temperature after 
quenching each sample in a room temperature water bath. Reproduced from Reference 91.  
 
2.5.3 – Time-resolved SAXS (TR-SAXS) 
TR-SAXS experiments discussed in Chapters 4 and 5 were conducted at the 11-BM 
Complex Materials Scattering (CMS) beamline at the National Synchrotron Light Source 
II (NSLS-II), Brookhaven National Laboratory. Samples of 0.25 wt% PB-PEO directly 
dissolved in [C2mim][TFSI] were syringe-filtered into 1.5 mm diameter borosilicate 
capillaries (Charles Supper Co.) and then placed into a custom 15-capillary temperature-
controlled stage. SAXS measurements were conducted with samples under dynamic 































 30 min  100 min
 60 min  130 min
 90 min  150 min
 Fit  500 min




obtained using a Dectris Pilatus 300k pixel-array detector (pixel size 172 μm × 172 μm) 
using a 30 s exposure time to 13.5 keV X-rays (λ = 0.918 Å) and a sample-to-detector 
distance of 2 m. The position where the incident beam hits the capillary was changed with 
each sample measurement by raising the sample stage throughout a time-resolved 
experiment to mitigate possible beam damage effects. The scattering vector q was 
calibrated using silver behenate. The 2D data were azimuthally averaged to yield 1D 
scattering patterns as intensity versus q. Due to the presence of higher q upturns in ionic 
liquid scattering, which has been observed previously in ex-situ SAXS, and significant 
capillary-to-capillary variations, the background (i.e., IL and capillary scattering) was fit 
to a power law (I(q) = A + Bq‒m, where 2 ≤ m ≤ 4) and subtracted from the solution 
scattering data.154 The background-corrected intensity traces were fit using an established 
block copolymer micelle model.153,157 SAXS fitting was conducted in Igor Pro 8 software 
using a fitting routine based on the Pedersen BCP micelle form factor model described in 
Equations 2.22 – 2.27. 
Representative TR-SAXS curves are shown for two molar masses of 0.25 wt % BO(x-
y) in [C2mim][TFSI] in Figures 2.17b and 2.18b.139 Additional TR-SAXS results for other 
BO(x-y) copolymers are discussed in Chapters 4 and 5. From the hard sphere 
approximation, the first minimum in the micelle form factor can be used to estimate Rcore 
based on Rcore = 4.493/qmin; this quantity was used to extract kinetic information from a 
TR-SAXS experiment. The scattering data before and after annealing at 170 °C were 




obtained at 27 °C and fit to the Pedersen model described previously, and the curves for 
two BO(x-y) diblocks are shown in Figures 2.17a and 2.18a.92  
 
 
Figure 2.17: (a) SAXS of 0.25 wt % BO(8-7) in [C2mim][TFSI] as-prepared by direct 
dissolution (filled green circles) and steady-state after a T-jump to 170 °C (open green 
squares). The scattering data were fit to the Pedersen model (black lines) and were 
vertically shifted for clarity. (b) TR-SAXS intensity (logarithmic scale) as a function of q 
for 0.25 wt % BO(8-7) in [C2mim][TFSI] showing the evolution in the micelle core radius 
during annealing at 170 °C. The position of the first minimum in the form factor increases 
from qmin = 0.023 Å–1 for short annealing times to qmin = 0.027 Å–1 at longer annealing 
times. The PB core radius is estimated assuming a hard sphere (Rcore ≅ 4.493/qmin), so the 
radius of the micelle core decreases with increasing annealing time. Reproduced from 
References 92 and 139, respectively.  
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Figure 2.18: (a) SAXS of 0.25 wt % BO(25-22) in [C2mim][TFSI] as-prepared by direct 
dissolution (filled green circles) and steady-state after a T-jump to 170 °C (open green 
squares). The scattering data were fit to the Pedersen model (black lines) and were 
vertically shifted for clarity. (b) TR-SAXS intensity (logarithmic scale) as a function of q 
for 0.25 wt % BO(25-22) in [C2mim][TFSI] showing the evolution in the micelle core 
radius during annealing at 170 °C. The position of the first minimum in the form factor 
increases from qmin = 0.023 Å–1 for short annealing times to qmin = 0.027 Å–1 at longer 
annealing times. The PB core radius is estimated assuming a hard sphere (Rcore ≅ 
4.493/qmin), so the radius of the micelle core decreases with increasing annealing time. 
Reproduced from References 92 and 139, respectively. 
 
2.6 – Transmission electron microscopy (TEM) 
In this work, we exploit the high thermal stability and non-volatility of ionic liquids to 
conduct high-temperature LP-TEM to observe in-situ fragmentation of PB-PEO micelles 
in [C2mim][TFSI]. Because the ionic liquid does not evaporate under the high vacuum 
conditions in the microscope, liquid samples can be imaged directly without the need for a 
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hermetically sealed sample chamber.133,158–160 Using a temperature-controlled sample 
holder for LP-TEM allows T-jump experiments to be conducted directly in the microscope, 
and images of the change in the PB core morphology during fragmentation were collected. 
TEM is a powerful tool used to visualize small structures at length scales on the order 
of 100 nm down to 1 Å. TEM is analogous to optical microscopy, but its high resolution 
lies in the use of electrons. Electrons have a much shorter wavelength than visible light, 
and the fine resolution obtained by TEM is due to the short de Broglie wavelength of 
electrons. In TEM, the electron source illuminates a very thin specimen (~ 100 nm thick). 
The transmitted beam is magnified and focused using a series of electromagnetic lenses, 
and then projected on a detector to observe the resulting image. In TEM imaging, there are 
two primary modes for sample observation, which depends on whether you are viewing 
the bright central spot of the direct electron beam, or whether you are using the scattered 
electrons to form the image. Bright-field imaging uses the direct beam to form an image, 
whereas dark-field imaging forms an image from electrons that are not in the direct beam, 
i.e., the scattered electrons. In bright-field imaging, the sample will appear dark, as less 
electrons were transmitted through the sample, and the “field” or the electron beam itself 
appears bright. In dark-field imaging, the image is formed by electrons diffracted from a 
specimen, thus the sample appears bright, as this is what is scattering electrons, whereas 
the field appears dark.161 In this work, bright-field imaging is utilized to view the micelle 
core in ILs. 




In TEM, all images are a two-dimensional projection of a three-dimensional object. 
Contrast in the image is achieved by three mechanisms, namely, mass/thickness, 
diffraction, and phase contrast. Mass/thickness contrast arises from differences in the 
material the beam passes through, resulting in differences in the incoherent elastic 
scattering. Diffraction contrast occurs from crystalline regions of the sample that scatter 
electrons, and the objective aperture is used to remove scattered electrons from the image. 
Phase contrast occurs due to differences in the phase of the electron waves scattered 
through a thin specimen. Phase contrast is very sensitive to many factors including the 
small variations in sample thickness, orientation, and the variations in focus or astigmatism 
of the objective lens.161 Phase contrast is commonly exploited for detailed imaging of the 
atomic structure of a thin specimen. For micelles in ionic liquids, the primary contrast 
mechanism is mass/thickness contrast due to the “heavier” atoms present in the ionic 
liquids, which results in the IL appearing dark and the micelle core appearing light.  
 An additional benefit of using ILs is that they have negligible vapor pressures and 
extremely high boiling points.140 These properties were exploited here for imaging BO 
micelles in the solution state by LP-TEM, which allowed for detailed analysis of the 
evolution of the micelle core size following a T-jump to 170 °C.  The core radius is not 
expected to change significantly by chain exchange alone, so the ability to measure the PB 
core size throughout the equilibration process provides more direct evidence of micelle 
fragmentation. 




2.6.1  – Ex-situ liquid-phase TEM (LP-TEM) 
Ex-situ LP-TEM was used in Chapters 3 and 6 to determine the average micelle core 
radius, Rcore, and the standard deviation of the core size, σcore, at different time points 
during an annealing experiment. Each sample was passed through a 0.45 μm PTFE syringe 
filter to remove any dust or large aggregates, and subsequently flame-sealed under vacuum 
(≤ 70 mTorr) in a glass tube to prevent degradation of the block copolymer and to avoid 
contact with moisture and dust. The glass tubes were submerged in an oil bath at T = 170 
°C and held at this temperature for the specified amount of time. Each glass tube was 
quenched to room temperature in a water bath and opened to obtain a time-point sample 
for LP-TEM imaging. Prior to imaging each sample, the solutions were degassed under 
vacuum (< 100 mTorr) for at least 20 min to prevent the appearance of air bubbles in the 
sample, and then immediately imaged. Approximately 0.5 μL of solution was placed on a 
200 mesh copper grid coated with lacey Formvar stabilized with carbon (Ted Pella Inc.), 
and the excess solution was manually blotted from below the grid with filter paper until a 
thin film was left spanning the holes of the lacey carbon support film. The images were 
obtained at ambient temperatures using a FEI Tecnai G2 Spirit BioTWIN operating at an 
accelerating voltage of 120 kV with an Eagle 4-megapixel CCD camera, unless noted 
otherwise. To minimize any effects of electron beam damage, the samples were imaged 
with a spot size of 5 or larger, where the spot size is inversely related to the strength of the 
first condenser lens. When the strength of the first condenser lens is reduced, the beam 




current reaching the sample is also reduced. Rcore and σcore were determined from 
measurements of at least 400 individual micelles using ImageJ software.  
Representative ex-situ LP-TEM micrographs of BO(8-6) in [C2mim][TFSI] are shown 
in Figure 2.19,91 where the light colored spheres are the PB micelle cores and the dark 
region is the IL. Additional LP-TEM micrographs of BO(8-6) in other [Cxmim][TFSI] ILs 
are discussed in Chapter 3. All images were acquired at ambient temperature. Again, due 
to the high activation barrier for fragmentation at room temperature, the micelle solutions 
are annealed at 170 °C ex-situ, quenched to room temperature, which suspends any further 
fragmentation. The quenched time-point solutions were imaged by LP-TEM, and the 
images were analyzed by image analysis to obtain detailed information about the decrease 
Rcore and σcore as a function of annealing time.   





Figure 2.19: LP-TEM time points during a T-jump at 170 °C for 0.5 wt % BO(8-6) in 
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2.6.2 – High-temperature LP-TEM 
High-temperature LP-TEM was used in Chapters 4 and 5 to directly observe micelle 
fragmentation in-situ. ⟨Rcore⟩ and σcore at different time points during an annealing 
experiment (T = 170 °C) were determined in-situ using high-temperature LP-TEM. 
Approximately 0.5 μL of solution was placed on a 200 mesh copper grid coated with 
amorphous holey carbon (Quantifoil R1.2/1.3, Ted Pella Inc.), and the excess solution was 
manually blotted from below the grid with filter paper until a thin film was left spanning 
the holes of the holey carbon. It was found that the Formvar-coated lacey carbon support 
films grids used in ex-situ can degrade in the presence of heat, therefore, holey carbon is 
the preferred support film material for any high-temperature LP-TEM. The images were 
obtained at ambient temperatures and at 170 °C using a JEOL JEM 2100F operating at an 
accelerating voltage of 200 kV with a Gatan Ultrascan US1000 2k×2k CCD camera 
(exposure time = 0.5 sec). For high temperature imaging, samples were placed in a Gatan 
652 double tilt heating holder, and the temperature was controlled with a Gatan hot stage 
controller. To minimize any effects of electron beam damage, the samples were imaged 
with a spot size of 3. The objective lens size was 100 μm and the first condenser lens size 
used was high contrast (HC) 30 μm. The electron dose rates were calculated using the beam 
current measured by the phosphorus screen of the JEOL JEM 2100F with the sample 
retracted and the objective lens removed, and the measured beam diameter at each 
magnification. ⟨Rcore⟩ and σcore were determined from measurements of at least 20 – 30 
individual micelles using ImageJ software. Detailed image analysis to obtain the ⟨Rcore⟩, 




core area (A (nm2)), eccentricity () was performed using a custom open-source Python 
package (https://github.com/CFN-softbio/SciAnalysis). Representative high-temperature 
LP-TEM images of 0.25 wt % BO(8-7) in [C2mim][TFSI] are shown in Figure 2.20.92  
 
Figure 2.20: In-situ LP-TEM images of 0.25 wt % BO(8-7) in [C2mim][TFSI] annealing 
at T = 170 °C for (a) 5 min, (b) 20 min, (c) 50 min, and (d) 100 min. Orange arrows indicate 
(a) (b) 
(c) (d) 




micelles undergoing fragmentation as discussed in the text. The electron dose rate is 11.3 
e‒/Å2s at a magnification of 20000×. Reproduced from Reference 92. 
 
In Figure 2.20, the evolution of micelle core structure is observed directly at 170 °C 
during fragmentation, where (a) spherical micelle cores are observed, followed by (b) 
elongation of the micelles, (c) then a peanut shaped structure is observed, followed by (d) 
the separation of micelle cores into smaller, spherical micelles. The dose rate for Figure 
2.20, obtained at a with a magnification of 20k× was 11.3 e‒/Å2s.  
2.6.3 – Bulk TEM 
TEM of bulk PB-PEO copolymers was conducted in Chapter 7. This technique was 
used to gain a greater understanding of how the DD method yields kinetically trapped, 
spherical micelles, with ⟨Rcore⟩ ≈ dPB, where dPB is the domain size of the PB lamellae in 
the bulk, swelling experiments were conducted on a PB-PEO film that was swelled with 
[C2mim][TFSI] and imaged at 70 °C using LP-TEM. To obtain thin, well-ordered films of 
PB-PEO lamellae, the diblock copolymer was annealed in an aluminum DSC pan at 70 °C 
under vacuum (< 70 mTorr) for 72 h. PB-PEO was found to form a well-ordered lamellar 
structure in the bulk at temperatures ranging from 25 – 100 °C, however, PEO is 
semicrystalline (Tmelt ≈ 60 °C). To prevent crystallization of the PEO domains, the DSC 
pans containing PB-PEO were rapidly quenched in liquid nitrogen immediately after 
removing the samples from the vacuum oven to trap the structure of the PB-PEO lamellae. 
Then the samples were sectioned for TEM imaging via cryo-microtoming procedures 




described here. The samples were sectioned at –80 °C with a Reichert UltraCut S 
Ultramicrotome system and transferred to 300 mesh Cu TEM grids. Then, ~ 6 μL of 
[C2mim][TFSI] was added to the grid with the PB-PEO section, and the excess IL manually 
blotted from below the grid with filter paper until a thin film was left spanning the mesh of 
the copper TEM grid. The sample was imaged immediately after addition of IL using a FEI 
Tecnai T12 TEM operating at 120 kV with a double-tilt heating holder at 70 °C. A 
schematic illustration of this process is shown in Figure 2.21. 
 
Figure 2.21: Schematic illustration of the grid preparation procedure used to image the 
behavior of PB-PEO lamellae swollen with [C2mim][TFSI]. BO(8-7) was annealed in an 
aluminum DSC pan at 70 °C for 72 h and quenched to –170 °C in liquid nitrogen. PB-PEO 
was sectioned via cryo-microtoming at –80 °C and transferred to a 300-mesh copper TEM 
grid (diameter = 3.05 mm) to give sub-100 nm PB-PEO films. Approximately 9 μL of the 
IL was added to the grid via micro pipette, and excess IL was manually blotted using a 
piece of filter paper from below before transferring to a temperature-controlled TEM 





Chapter 3 – Effect of solvent selectivity on 
micelle fragmentation 1F 
 
3.1 – Introduction  
In this chapter, we exploit the approach used by Eisenberg et al.,44,127,128  and later by 
Meli et al.,89 who demonstrated that a range of micelle sizes could be obtained from a 
single block copolymer  by changing the solution preparation method. Meli et al. prepared 
PB-PEO micelles in the ILs [C2mim][TFSI] or [C4mim][TFSI] by different dissolution 
methods. They noted that micelles formed by direct dissolution of PB-PEO into the IL 
formed large, polydisperse spherical aggregates, which decreased in size when subjected 
to annealing at elevated temperatures.89,90 They showed that PB-PEO micelle relaxation in 
[C2mim][TFSI] and [C4mim][TFSI] was heavily dependent on temperature, but the 
timescale for micelle equilibration at 170 °C remained on the order of 103 seconds when 
changing the solvent from [C2mim][TFSI] to [C4mim][TFSI]. Analysis of this system by 
TR-SANS revealed that chain exchange did not occur up to at least 200 °C over the course 
of 24 h,90 indicating that micelle equilibration must take place through some other 
 
Reprinted in part with permission from Early, J. T.; Lodge, T. P. Fragmentation of 1,2-Polybutadiene-block-
Poly(ethylene oxide) Micelles in Imidazolium-Based Ionic Liquids. Macromolecules 2019, 52, 7089 – 7101. 
Copyright © 2019 American Chemical Society. 




mechanism(s). It was also found that the decay in PB-PEO micelle size is well described 
by a compressed exponential, as shown in Equation 2.18, with n = 2 in both ILs and at 
various annealing temperatures.90 However, a physical interpretation for this compressed 
exponential behavior remains elusive. Although these results suggest that the primary 
relaxation mechanism in PB-PEO/[C2mim][TFSI] is micelle fragmentation, there are 
several questions that remain unanswered, including the roles of solvent selectivity, initial 
micelle size, Ncore, and Ncorona in fragmentation kinetics. 
To that end, a single PB-PEO block copolymer is studied here in five different 
[Cxmim][TFSI] ILs, where the same anion is used, but the length of the alkyl chain on the 
IL cation is varied. By changing the alkyl chain length, the selectivity towards the PB core 
block is tuned systematically, i.e., the interfacial tension, which also influences the initial 
size of the micelles prepared by direct dissolution. Because larger micelles are formed 
initially in more selective solvents, the influence of micelle size, and how far the system is 
from the equilibrium size, was explored. As discussed in Section 1.3.3, studies on 
micellization kinetics use jumps in temperature,104 pH,108 or solvent162 to perturb the 
system from equilibrium, and the time required to relax to equilibrium is determined by 
some detection method, such as light scattering. The method of T-jump DLS is used here 
to follow the evolution of Rh as a function of annealing time. When micelles equilibrate 
solely through chain exchange, the average Rh should not change much.17 Conversely, Rh 
is expected to change considerably when fusion/fragmentation mechanisms dominate, so 
following the evolution of micelle size throughout annealing is essential.  




An additional benefit of using ILs is that they have negligible vapor pressures and 
extremely high boiling points.140 These properties were exploited here for imaging BO 
micelles in the solution state by LP-TEM, which allowed for detailed analysis of the 
evolution of the micelle core size following a T-jump to 170 °C.  The core radius is not 
expected to change significantly by chain exchange alone, so the ability to measure the PB 
core size throughout the equilibration process provides more direct evidence of micelle 
fragmentation. To complement LP-TEM, SAXS was used to determine the micelle core 
radius and its distribution as a function of annealing time. From these combined techniques, 
the kinetics of fragmentation were determined for PB-PEO micelles in five different ILs.  
 
3.2 – Materials and methods 
Synthesis and Characterization. PB-PEO was synthesized previously by Dr. Luciana 
Meli using two-step sequential anionic polymerization, as described in Section 2.1.1.136 
The diblock copolymer will be referred to as BO(8-6), where the numbers in parentheses 
refer to the number average molar mass in kg/mol of each block, respectively. Mn, Ð, and 
fPEO for BO(8-6) were determined by a combination of SEC-MALS (Wyatt Dawn Heleos 
II) and 1H NMR spectroscopy in CDCl3 (1H NMR, Varian Inova 500). The dn/dc for the 
diblock was estimated as the weight average of the refractive index increments for PB in 
THF (dn/dc = 0.119 mL/g) and PEO in THF (dn/dc = 0.068 mL/g).138 For BO(8-6) Mn is 
14.6 kDa and Ð = 1.10, with Mn,PB = 8.2 kDa, Mn,PEO = 6.4 kDa, and fPEO = 0.37, as shown 
in Table 2.1. The SEC RI trace of BO(8-6) is shown in Figure 3.1. 





Figure 3.1: SEC RI trace of BO(8-6) in tetrahydrofuran. 
 
The ILs [C1mim][TFSI] 99%  and [C6mim][TFSI] 99.5% were purchased from 
IoLiTec. The ionic liquids [C2mim][TFSI], [C4mim][TFSI], and [C8mim][TFSI] were 
synthesized according to Section 2.2.1.141 All ILs were dried under vacuum ( < 100 mTorr) 
at 60 °C for 72 h prior to use, and were characterized by 1H, 13C, and 19F NMR spectroscopy 
in DMSO-d6, as described in Section 2.2.2. The 1H and 13C NMR spectra for all ILs are 
shown in Figures 2.5 – 2.9. 19F NMR spectra for all ILs is shown in Figure 2.10. 
Thermal Equilibration in [C2mim][TFSI]. The time required for thermal equilibration 
to reach 170 °C was determined in [C2mim][TFSI]. An oil bath was heated to 170 °C and 
allowed to equilibrate for 30 min prior to placing the IL sample in the bath. Once the oil 
bath temperature was stabilized, 0.7 mL of [C2mim][TFSI] was added to a glass tube, and 
a thermocouple was inserted into the IL tube to monitor the temperature. The initial 
temperature of the IL was recorded as 27.9 °C prior to submersion in the oil bath. Upon 
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submersion of the tube into the oil bath, the time required for the IL to reach 168 °C was 
measured to be ≤ 5 min. 
Solution Preparation by DD. All solutions were prepared by the direct dissolution (DD) 
method described in Section 2.3.1, unless noted otherwise.  
DLS. T-jump and multi-angle room temperature scattering measurements were performed 
according to Section 2.4.2. 
Ex-Situ LP-TEM. Rcore and σcore at different time points during an annealing experiment 
were determined using ex-situ LP-TEM, as described in Section 2.6.1. 
Ex-Situ SAXS. SAXS experiments were conducted according to ex-situ SAXS described 
in Section 2.5.2. 
 
3.3 – Results and discussion 
3.3.1  – Effect of micelle concentration 
To determine the effect of concentration on micelle equilibration kinetics, a series of 
BO(8-6) solutions ranging from 0.05 wt % to 1.0 wt % in [C2mim][TFSI] were prepared 
and studied by T-jump DLS at 170 °C. One indicator of micelle fusion is the presence of 
second-order kinetics with respect to micelle concentration, whereas fragmentation or 
chain exchange should be first-order.97,120,163 It was found that the initial average micelle 
hydrodynamic radius, Rh0, for all concentrations prepared by the DD protocol were 




relatively large (Rh0 ≈ 60 ± 10 nm) and disperse (μ2/Γ
2
 ≥ 0.18). The evolution of the Rh 
distribution for 0.5 wt % BO(8-6) in [C2mim][TFSI] during a T-jump to 170 °C is shown 
in Figure 3.2a, where the population is bimodal after 10 min of annealing at 170 °C with 
an Rh of 62 nm, and the distribution begins to narrow and shift to a smaller Rh after 
annealing for over 1000 min.  
The Rh for all concentrations was determined by fitting the DLS autocorrelation 
functions to a second-order cumulant expansion, and these values were normalized by the 
initial value according to Equation 2.17 to compare the decay in Rh across all 
concentrations. In all cases Rh decayed more rapidly than a single exponential function, 
as shown in Figure 3.2b, leading to a steady-state size, Rhf, of 34 ± 4 nm. Note that 
relaxation curves for 0.5 wt %, 0.25 wt %, 0.1 wt %, and 0.05 wt % in Figure 3.2b are 
vertically shifted for clarity. In agreement with previous reports,89,90 the normalized 
hydrodynamic radius as a function of annealing time, R(t), could be well described by the 
Avrami equation, or compressed exponential, shown in Equation 2.18, with an exponent 
fixed at 2. When fits were performed with two adjustable paraments, τfrag and n, the average 
value of the exponent was found to be equal to 2.2 ± 0.2. 
 
  





Figure 3.2: (a) REPES results for 0.5 wt % BO(8-6) in [C2mim][TFSI] after a T-jump to 
170 °C. Light scattering measurements were performed at a scattering angle of 90°. (b) 
Time dependence of normalized Rh for BO(8-6) in [C2mim][TFSI] at various polymer 
concentrations, a scattering angle of 90°, and a relaxation temperature of 170 °C. Solid 
lines represent best fits to Equation 2.18, with n = 2. 
 
The characteristic relaxation time τfrag was obtained from fitting the T-jump DLS data 
to Equation 2.18, and the results are summarized in Table 3.1. It should be noted that the 
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time required for thermal equilibration (ca. 4 to 5 min) in [C2mim][TFSI] is significantly 
shorter than the relaxation times observed here (on the order of hundreds of minutes). 
Therefore, we attribute these long relaxation times to the fragmentation of large, disperse 
spherical micelles formed by DD of BO(8-6) in ILs. The relaxation time only varies by at 
most a factor of two over a 20-fold variation in concentration, indicating that a first-order 
process is dominant. The relaxation times do increase very slightly with decreasing 
polymer concentration for polymer concentrations less than 1 wt %, which could indicate 
a minor contribution from a second-order kinetic process.164  
Table 3.1: Concentration dependence of Rh and τfrag determined by T-jump DLS at 170 
°C for BO(8-6) in [C2mim][TFSI]. Relaxation times were determined by Equation 2.18 
with n fixed as 2. 
 
One process that could contribute to slightly concentration-dependent relaxation times 
is collisional aggregation and de-aggregation. When micelle solutions are prepared by the 
DD protocol, large aggregates consisting of multiple micelles could undergo some type of 
sticky-collisional interactions, and then disassociate upon heating. The time required for 
Concentration 
(wt %) 
Rh0 (nm) μ2/Γ20 Rhf (nm) μ2/Γ2f τfrag (min) 
1 70 0.28 38 0.09 260 ± 40 
0.5 85/62 bimodal 35 0.03 200 ± 20 
0.25 58 0.22 35 0.09 240 ± 17 
0.1 49 0.25 30 0.01 300 ± 82 
0.05 58 0.18 30 0.01 440 ± 56 




micelle collisions would be expected to depend on polymer concentration, however, the 
time required for dissociation would not.95,165  Such micelle collision and fusion events 
have been observed in the growth and evolution of amphiphilic block copolymers in water 
by TEM, and this process was reported to contribute to a concentration-dependent 
relaxation process.123  
3.3.2 – Effect of solvent 
To understand the influence of solvent selectivity on fragmentation kinetics, five 
[Cxmim][TFSI] ionic liquids were selected as PEO-selective solvents. In general, the 
longer the alkyl chain on the imidazolium cation, the less selective the IL, i.e., the surface 
tension between the PB core block and the solvent decreases and the PB block is more 
solvated by the IL.166–169 Thus, the five ionic liquids chosen here have alkyl chain lengths 
of one, two, four, six, and eight carbon chains. The effects of solvent selectivity on the 
relaxation time were investigated for 0.5 wt % BO(8-6) in these five ILs.  
The time-dependent normalized hydrodynamic radii for 0.5 wt % BO(8-6) in the five 
ILs during a T-jump to 170 °C are shown in Figure 3.3. The dynamic traces obtained by 
DLS for 0.5 wt % BO(8-6) in four of the five ILs selected here were fit to Equation 2.18 
with n = 2. However, relaxation in the most selective IL, [C1mim][TFSI], was found to 
occur much more slowly than the other four ILs, and the relaxation in Rh was fit to 
Equation 2.18 with n = 3.3. To verify that n = 2 in [C2mim][TFSI], [C4mim][TFSI], 
[C6mim][TFSI], and [C8mim][TFSI], linear plots of log R(t) versus t2 are shown in Figure 
3.4a. A non-linear curve is obtained for T-jump DLS results in [C1mim][TFSI], shown in 




Figure 3.4b. When fitting the time-dependent normalized hydrodynamic radii for 0.5 wt % 
BO(8-6) in [C2mim][TFSI], [C4mim][TFSI], [C6mim][TFSI], and [C8mim][TFSI] with 
two adjustable parameters, τfrag and n, the n = 2.2 ± 0.1 for the four ILs, which again 
confirms that the exponent is essentially 2 in these solvents.  
 
Figure 3.3: Time-dependent normalized hydrodynamic radii for 0.5 wt % BO(8-6) in 
[Cxmim][TFSI] ILs. Solid lines represent the best fits to the relaxation function shown in 
Equation 2.18, with n = 2 for all ILs except [C1mim][TFSI], where n = 3.3. DLS 







































A 1339.60022 ± 46.52413
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Figure 3.4: (a) Linearized T-jump DLS results for 0.5 wt % BO(8-6) in [C2mim][TFSI], 
[C4mim][TFSI], [C6mim][TFSI], and [C8mim][TFSI]. After fitting the data with two 
adjustable parameters, it was found that n = 2.17 ± 0.21. When fitting R(t) with two 
adjustable parameters, the exponents for [C2mim][TFSI], [C4mim][TFSI], [C6mim][TFSI], 
and [C8mim][TFSI] were n = 2.4, 2.2, 2.1, and 1.9, respectively. (b) Non-linear R(t) versus 
t2 (from DLS) for 0.5 wt % BO (8-6) in [C1mim][TFSI] indicates that R(t) is not well 
described by  a compressed exponential. 
 
Table 3.2 summarizes the fitting results of T-jump DLS at 170 °C, along with Rh and 
the radius dispersity before and after the T-jump to 170 °C. When preparing micelle 
solutions by DD, Rh0 is expected to decrease as the cation alkyl chain length is increased 
because the solvent becomes less selective for the PEO block. Based on the solubility 
parameters of the PB (δ =  17.4 MPa1/2)138 and PEO (δ =  20.2 MPa1/2)138 blocks at T = 298 
K, the largest aggregates would be formed by direct dissolution in [C1mim][TFSI] or 
[C2mim][TFSI] (δ =  27.6 MPa1/2)166 and the smallest aggregates should form by direct 























































with this expectation, in that Rh0 = 79 nm in [C1mim][TFSI] and Rh0 = 38 nm in 
[C8mim][TFSI].  
Table 3.2: Rh and τfrag determined by T-jump DLS at 170 °C for 0.5 wt % BO(8-6) in 
imidazolium-based ionic liquids. The relaxation times were determined by Equation 2.18. 
 
As expected, the initial size of the micelles, determined by multi-angle DLS at room 
temperature prior to a T-jump, decreased when the solvent quality of the IL towards the PB 
core becomes less poor. Surprisingly, the kinetics of fragmentation seem to be very similar 
for most of the ILs used here, except possibly for [C1mim][TFSI]; we consider this to be 
an outlier due to the SAXS and LP-TEM data, as will be discussed in subsequent sections.  
To further investigate the process of fragmentation, ex-situ LP-TEM and SAXS were 
used to follow the evolution of Rcore following a T-jump to 170 °C. Previous works have 







μ2/Γ2f n τfrag (min) 
[C1mim] 79 0.24 39 0.13 3.3 1340 ± 220  
[C2mim] 85/62 bimodal 35 0.03 2.4 200 ± 20 
[C4mim] 51 0.19 34 0.13 2.2 110 ± 30 
[C6mim] 43 0.12 34 0.01 2.1 70 ± 15 
[C8mim] 38 0.17 32 0.01 1.9 130 ± 22 




of micelle-forming block copolymers,170 and the time-dependent evolution of block 
copolymer micelles in THF/water mixtures.113 This technique proves extremely useful in 
that specific structural details of the micelles such as the core radius, corona thickness, 
dispersity of the core, and the aggregation number can be obtained by fitting I(q) to 
analytical models.157,171,172 In addition to SAXS, TEM is an valuable technique for 
determining micelle morphology, including quantifying the core radius and its distribution 
as a function of time. 
Ex-situ SAXS curves for 0.5 wt % BO(8-6) micelles prepared by DD in [C1mim][TFSI] 
and [C2mim][TFSI] are shown in Figures 3.5a and 3.5b, respectively. SAXS data for 0.5 
wt % BO(8-6) in [C4mim][TFSI], [C6mim][TFSI], and [C8mim][TFSI] are shown in 
Figures 2.14 – 2.16. In the figures, the dark purple traces indicate the first time point (30 
min) obtained for these samples, i.e., the sample was annealed at 170 °C for 30 min before 
quenching to room temperature and loaded into glass capillaries for SAXS. This process 
was repeated for all indicated time points. From the scattering patterns shown in Figures 
3.5a and 3.5b, the average micelle core radius decreases substantially upon annealing at 
170 °C. The q value of the first minimum in the SAXS curves is inversely proportional to 
the micelle core radius.157,172 The first minimum in Figures 3.5a and 3.5b shift to larger q 
values with time, indicative of a decrease in Rcore.  





Figure 3.5: Structural evolution of 0.5 wt % BO(8-6) (a) in [C1mim][TFSI] and (b) in 
[C2mim][TFSI] upon T-jump to 170 °C by TR-SAXS curves fit to the Pedersen model 
(solid black lines). The curves are shifted vertically for clarity. Measurements were 






































 30 min  180 min
 60 min  230 min
 90 min  500 min























 30 min  150 min
 60 min  200 min
 90 min  370 min





















The time evolution of Rcore from SAXS in the five ILs was also fit to the Avrami 
equation. Normalization of Rcore was carried out as in the T-jump DLS data analysis, 
where R(t) is calculated according to Equation 2.17. Figure 3.6 shows the normalized core 
radii from SAXS as determined by fitting the I(q) data to the Pedersen model,153,157 and the 
relaxation functions are well described by Equation 2.18, with fixed n = 2. Table 3.3 shows 
the results for all five ILs including the initial core size and standard deviation, the final 
core size and standard deviation, and the relaxation times determined by SAXS. The time 
required to reach steady-state is generally unaffected by the IL selectivity, in good 
agreement with the results from T-jump DLS. 
 
Figure 3.6: Normalized Rcore from ex-situ SAXS during a T-jump to 170 °C for 0.5 wt % 
BO(8-6) in [Cxmim][TFSI]. The curves are shifted vertically for clarity. Solid lines 
represent the fits to the standardized relaxation function shown in Equation 2.18 with an 











































Table 3.3: Summary of  Rcore , σcore, and τ obtained by T-jump SAXS at 170 °C for 0.5 wt 
% BO(8-6) in imidazolium-based ionic liquids.  The relaxation times were determined by 
fitting the normalized  Rcore  to Equation 2.18 with n = 2. 
 
To gain more insight into how the core size distribution changes with annealing time, 
ex-situ LP-TEM was used to measure the mean and standard deviation of the micelle core 
radius distribution at different time points following a T-jump to 170 °C. The change in 
Rcore for 0.5 wt % BO(8-6) in [C1mim][TFSI] and [C2mim][TFSI] after a T-jump to 170 
°C was 6 nm and 5 nm, respectively, as shown by SAXS and LP-TEM results in Figures 
3.5 and 3.7. Electron micrographs of the as-prepared and steady-state micelles in 
[C1mim][TFSI] and [C2mim][TFSI] are shown in Figures 3.7a and 3.7b, and Figures 3.7c 
and 3.7d, respectively. In the micrographs, the densely packed PB blocks form the micelle 
cores, which appear lighter than the IL medium. As shown in Figures 3.7a and 3.7c, the 
micelles prepared by DD are all apparently spherical, but with large variations in radius. 
Ionic Liquid Rcore0 (nm) σcore (nm) Rcoref (nm) σcore (nm) τfrag (min) 
[C1mim][TFSI] 25 5.0 19 3.6 190 
[C2mim][TFSI] 23 4.6 18 3.4 171 
[C4mim][TFSI] 20 4.5 16 3.2 100 
[C6mim][TFSI] 18 4.2 14 3.6 100 
[C8mim][TFSI] 16 3.9 13 3.1 150 




The images in Figures 3.7b and 3.7d are representative images of the micelles in 
[C1mim][TFSI] and [C2mim][TFSI], respectively, after annealing at 170 °C for 1800 min. 
Qualitatively, the steady state images show that the micelle radius decreases noticeably 
after annealing.  
 
Figure 3.7: LP-TEM of 0.5 wt % BO(8-6) (a) in [C1mim][TFSI] as-prepared by DD, and 
(b) after annealing at 170 °C for 1800 minutes. LP-TEM of 0.5 wt % BO(8-6) in 
[C2mim][TFSI] (c) as-prepared by DD, and (d) after annealing at 170 °C for 1800 minutes.  
 
To quantify the evolution of Rcore and the standard deviation (σcore), LP-TEM was 
employed to image the change in micelle structure throughout a T-jump at 170 °C for the 
same five ILs. Time point images for 0.5 wt % BO(8-6) in [C1mim][TFSI], [C4mim][TFSI], 
[C6mim][TFSI], and [C8mim][TFSI] are shown in Figures 3.8 – 3.11.  
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The resulting time point images are shown in Figure 2.19 for 0.5 wt % BO(8-6) in 
[C2mim][TFSI]. As shown in the figures, the PB core size decreases after heating at 170 
°C for just 90 min. Additional structural details were obtained through image analysis of 
each time point. By measuring the radius of several hundred micelle cores (specifically, 
600 micelles were measured for the as-prepared samples, and 400 micelles were measured 
for the other time points), a core radius distribution was obtained for each time point in the 
annealing process. From these measurements, the histograms in Figures 3.12 – 3.15 were 
constructed, where the bin width was set to 3 nm and the solid lines are overlays of a 
lognormal distribution with the mean and standard deviation denoted in each histogram. 
Low contrast in Figure 3.11 made detailed image analysis difficult, and histograms for 
micelles in [C8mim][TFSI] were not constructed.  
 
Figure 3.12: Histograms of data obtained by image analysis of Figure 3.8 from LP-TEM 
showing the evolution in Rcore for 0.5 wt % BO(8-6) in [C1mim][TFSI] during T-jump at 
170 °C.  
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Figure 3.13: Histograms of data obtained by image analysis of Figure 2.19 from LP-TEM 
showing the evolution in Rcore for 0.5 wt % BO(8-6) in [C2mim][TFSI] during T-jump at 
170 °C.  
 
 
Figure 3.14: Histograms of data obtained by image analysis from LP-TEM of Figure 3.9 
showing the evolution in Rcore for 0.5 wt % BO(8-6) in [C4mim][TFSI] during T-jump at 
170 °C.  
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Figure 3.15: Histograms of data obtained by image analysis of Figure 3.10 from LP-TEM 
showing the evolution in Rcore for 0.5 wt % BO(8-6) in [C6mim][TFSI] during T-jump at 
170 °C.  
 
Clearly, Rcore and σcore decrease substantially throughout a T-jump to 170 °C, and the 
size distribution of the micelles in [C2mim][TFSI] narrows considerably when comparing 
the histogram of the steady-state micelles to that of the as-prepared micelles. Furthermore, 
the larger size wing of the distribution changes much more significantly than the lower size 
wing, suggesting an increasing preference to undergo fragmentation the further from 
equilibrium a particular micelle is.  
The difference between the final and initial Rcore determined by LP-TEM agrees 
closely with the results from SAXS. For 0.5 wt % BO(8-6) in [C2mim][TFSI], the initial 
Rcore is 22 nm and 23 nm by LP-TEM and SAXS, respectively. The steady-state Rcore in 
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[C2mim][TFSI] is 18 nm and 15 nm as determined by LP-TEM and SAXS, respectively. 
The difference in the absolute values of Rcore by LP-TEM and SAXS are within the 
standard deviation of the core radius obtained by each technique. In general, the LP-TEM 
results support the conclusion from SAXS, which is that the change in Rcore after a T-
jump to 170 °C occurs on the order of 100 min.  
A comparison of R(t) based on Rcore determined by SAXS and Rh determined by 
DLS is shown in Figure 3.16.  In the figure, filled circles represent the normalized Rh as 
determined by T-jump DLS to 170 °C, filled triangles represent the normalized Rcore from 
SAXS, solid lines represent best fits to Equation 2.18 with n = 2 for all ILs except for the 
normalized Rh in [C1mim][TFSI], where n = 3.3. The dashed lines in Figure 3.16 
represent best fits to Equation 2.18 with n fixed at 2. The results for [C2mim][TFSI], 
[C4mim][TFSI], [C6mim][TFSI], and [C8mim][TFSI] agree quite well across the two 
techniques, but larger deviations are observed in [C1mim][TFSI]. This discrepancy could 
be explained by the existence of additional relaxation mechanisms for micelles prepared 
by DD in [C1mim][TFSI], including the disassociation of larger aggregates consisting of 
multiple micelles. The difference in the exponent determined by DLS (n = 3.3) and SAXS 
(n = 2) for relaxation in [C1mim][TFSI] indicates that the change in size observed between 
the two techniques is likely dominated by two different mechanisms. This conclusion 
would also support the large differences in τfrag for SAXS and DLS in [C1mim][TFSI].173,174 
However, additional experiments on this system may be required to determine the exact 




cause of the different time scales observed in T-jump DLS and SAXS for BO(8-6) micelles 
in [C1mim][TFSI]. 
 
Figure 3.16: Normalized Rh (filled in circles) and normalized Rcore (filled in triangles) 
for 0.5 wt % BO(8-6) at 170 ºC in [C1mim][TFSI] (red points and lines), [C2mim][TFSI] 
(blue points and lines), [C4mim][TFSI] (green points and lines), [C6mim][TFSI] (purple 
points and lines), and [C8mim][TFSI] (orange points and lines). The solid and dashed lines 
represent the fits to Equation 2.18 where Ri = Rh and Ri = Rcore, respectively, both with 
n fixed at 2 except for T-jump DLS in [C1mim][TFSI], where the best fit was obtained 
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3.3.3 – Effect of the micelle preparation protocol 
To determine the effect of solution preparation on Rh0 and Rhf for BO(8-6) in 
[C2mim][TFSI], a 0.5 wt % solution was prepared by the CS method, following the 
approach described previously by Meli et al.90 All components were dissolved in 
dichloromethane (DCM), and after stirring to ensure all components are well dissolved, the 
DCM was slowly evaporated under a nitrogen purge over 24 h. The complete procedure 
for the CS method is described in Section 2.3.2. The Rh0 for 0.5 wt % BO(8-6) in 
[C2mim][TFSI] prepared by this method was found to be 26 nm with a dispersity of 0.08. 
Thus the initial size of the CS micelles is less than half that of the micelles prepared by 
DD. Additionally, when CS micelles are annealed at 170 °C for a day Rh remains constant, 
as shown in Figure 3.17. 
 
Figure 3.17: Rh versus time for 0.5 wt % BO(8-6) micelles in [C2mim][TFSI] prepared by 
DD (blue circles) and CS (black squares) protocols. Scattering measurements were 
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Thus the Rhf obtained for the CS micelles remain significantly smaller than the steady 
state size for solutions prepared by DD (35 nm). Similar results were obtained by Meli, et 
al., who conjectured that the annealed DD micelle size was closer to equilibrium than CS 
micelles. They argued that (a) it is clear that the CS protocol generates micelles that are at 
equilibrium with a much less selective, mixed solvent at the time of formation, and should 
therefore be much smaller than equilibrium micelles in the IL; (b) to reduce the number 
density of micelles is an extremely time consuming process, so it is difficult for CS micelles 
to coarsen with time; (c) DD micelles annealed at different temperatures relaxed to the 
same final size.   
3.3.4  – Discussion  
 We now consider four general questions about these results. 
1. Is the change in micelle size due to fragmentation? 
The fact that the micelles are deliberately prepared to be significantly larger than their 
equilibrium size favors relaxation by fragmentation. The fact that the relaxation process is 
first-order in micelle concentration is consistent with fragmentation. However, it is worth 
noting that we have no direct proof of fragmentation, such as clear TEM evidence of an 
intermediate state. Direct evidence that fragmentation is occurring in this system is shown 
in Chapter 4 using temperature-controlled LP-TEM of PB-PEO micelles in ILs. The one 
aspect of the results that raises a possible doubt is the compressed exponential relaxation 
function, which might imply some kind of cooperative process. It is difficult to identify a 




strictly first-order process that would give this functional form. Nevertheless, the presence 
of micelle fragmentation is consistent with the theory presented by Dormidontova, which 
predicts that micelles with aggregation numbers that lie very far from equilibrium are more 
likely to relax via fusion or fragmentation mechanisms.97  
We assume that the steady-state aggregation number, Qf, obtained for each sample is 
close to the equilibrium aggregation number, Qeq. Based on the arguments posed by 
Dormidontova,97 fragmentation into two equally sized micelles is favored when Q ≥ 
1.5Qeq. In this work, the aggregation numbers for each sample were determined assuming 
a dry PB core and calculated according to Q = (4πRcore3)/3Vcore, where Rcore is taken 
from the model fits to SAXS data, and Vcore = Mn/ρNav where ρ is the amorphous density 
of PB (ρ = 0.87 g/cm3),138 and Nav is Avogadro’s constant. From Table 3.4, the equilibrium 
aggregation number can be estimated as Qeq ≈ Qf, and 1.5Qeq is equal to 2960, 2500, 1770, 
1185, and 945 for BO(8-6) micelles in [C1mim], [C2mim], [C4mim], [C6mim], and 
[C8mim], respectively. From Q0 in Table 3.4, all as-prepared micelles are significantly 
larger the 1.5 times Qeq, supporting micelle fragmentation as the dominant pathway. The 
ratio of Qf to Q0 for the 5 ILs are shown in Table 3.4. Regardless of the solvent, the average 
aggregation number is approximately halved after heating at 170 °C. It is likely that the 
largest micelles (i.e., those with Q ≥ 1.5Qeq) account for the observed decrease in Q, as the 
micelles that are at or near the equilibrium aggregation number are not expected to undergo 
fragmentation. Experimentally, this is consistent with the histograms shown in Figures 3.12 




– 3.15, where the number of micelles with Rcore greater than 18 nm decreases significantly 
over time, but the number of micelles with Rcore ≤ 18 nm remain relatively constant. 
Table 3.4: Effects of solvent quality on micelle size and Q for 0.5 wt % BO(8-6) in ILs 
before and after a T-jump to 170 °C. 
 
2. Why does the relaxation follow a compressed exponential? 
In all ILs, excluding [C1mim][TFSI], the timescales and the exponents from fits to the 
data from T-jump DLS and SAXS agree well.  We do not have a physical interpretation for 
the origin of n = 2 in the PB-PEO/[Cxmim][TFSI] samples studied here, but the results are 











Q0a Qfa Qf/Q0 
[C1mim] - 21.5 40 6 4480 1970 0.44 
[C2mim] 27.6 21.1 27 5 3490 1670 0.48 
[C4mim] 26.7 19.4 17 4 2300 1180 0.51 
[C6mim] 25.6 - 9 4 1670 790 0.47 
[C8mim] 25.0 - 6 3 1180 630 0.53 
aAggregation number (Qx), where x = 0, f denoting initial and final values, calculated as 
4πRcorex3/(3VPB) assuming the core is devoid of solvent, and VPB is the volume per core 
chain. bHildebrand solubility parameters reported for T = 298 K. cHildebrand solubility 
parameters reported for T = 303 K.  For reference, the average solubility parameters for 
PB and PEO are δ =  17.4 MPa1/2 and δ =  20.2 MPa1/2, respectively.138 




> 1) functions to describe block copolymer dynamics is documented in other reports,173–176 
and in at least one instance has been attributed to the spontaneous breakup of pre-formed 
structures.174 The similarity to the Avrami form, typically used to describe a nucleation and 
growth kinetics, hints at a nucleation-limited or cooperative kinetic process, but the 
independence of the experimental rate on concentration suggests that any cooperativity is 
confined to processes within a single micelle. 
3. What sets the characteristic relaxation time? 
We speculate that the experimental fragmentation times follow an Arrhenius 
expression, shown in Equation 3.1, 
where Eb is the activation barrier and τ0 is the characteristic attempt time to access the 
transition state. This attempt time is likely dependent on the viscosity of the PB core and 
driven by the corona crowding and core stretching (both of which are significant in this 
system). The corona crowding exerts a stress, σ, on the cross-sectional area of the core, 
given by f/πRcore02, where f is the force. This force can be estimated using the theory by 
Sheiko, et al.177 which gives the force exerted on a linking unit by a star polymer grafted 
to a hard surface, and here choosing the linker length to be Rcore0/2. Using this model to 
determine the stress from corona crowding, Equation 3.2 shows an estimate for τ0. 
frag 0 b Bexp( / )E k T =  (3.1) 




Given that the viscosity of 8.2 kDa PB at 170 °C is approximately 0.6 Pa·s (see Figure 
A1 in the Appendix) and knowing the experimental relaxation times range from 6,000 to 
11,000 s, then Eb is on the order of 25–30 kBT per micelle. The barrier per chain is obtained 
by dividing Eb by Q0 resulting in a barrier on the order of 0.01 kBT per chain. This is very 
small, and makes it difficult to resolve in terms of calculating possible contributions from 
core stretching, corona stretching, and interfacial tension. A transition state for micelle 
fragmentation is not as easily identified until Chapter 4.125,178,179 As the fragmentation 
process increases the net surface area of the core blocks, it is tempting to infer that the 
barrier involves a transition state with larger area. However, the independence of the 
fragmentation rate on IL selectively argues strongly against interfacial tension as rate-
limiting.  
A previous report on the fusion and fragmentation kinetics of ionic/nonionic mixed 
micelles proposed that fragmentation arises from surface instabilities, which leads to 
bending of the micelle surface, pinching, and finally breaking into two or more micelles.126 
The authors concluded that one of the main barriers to fragmentation would arise from the 
solvophobic core block, which is likely exposed to the solvent in the final stage of breaking. 
This is apparently inconsistent with our results. Another potential barrier to fragmentation 
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total surface area of the micelle increases by only about 26% after fragmentation, the 
corona crowding could be quite severe in the transition state during a fragmentation event. 
The role of corona crowding is discussed in depth in Chapter 5. If this interpretation is 
correct, this could explain why the fragmentation kinetics are independent of solvent 
selectivity. The fragmentation process begins when separation of the micelle core occurs, 
which will increase the total surface free energy. Further corona separation will decrease 
the free energy via entropic gain of the corona chains, which allows the core chains to adopt 
a less-stretched conformation after fragmentation.97  
This is likely the case for BO(8-6)/[Cxmim][TFSI], considering the extremely large 
values of Q0 obtained for the as-prepared micelles. To accommodate such high aggregation 
numbers the PB blocks in the core must adopt a highly stretched conformation, which 
further drives the corona crowding. An estimate of the degree of core block stretching using 
Rcore divided by the mean square end-to-end distance of the core block for as-prepared 
micelles in [C2mim][TFSI] shows the PB chains are initially stretched to approximately 
1/3 of the fully extended length. Using this same estimate for the steady-state core radius, 
the PB chains relax to 1/4 of the fully extended length, which is still substantial.  
4. How are the initial micelles formed? 
Table 3.4 summarizes the changes in Rh and Rcore, the initial aggregation number (Q0), 
and the final aggregation number (Qf) for BO(8-6) micelles before and after a T-jump at 
170 °C, along with the Hildebrand solubility parameters for each IL and the PB and PEO 
blocks. The χ parameter can be estimated using solubility parameters based on the 




following equation, χPB-IL = (V/RT)(δ1 ‒ δ2)2, where V is a reference volume, in this case 
the molar volume of the IL, R is the gas constant, and δi are the solubility parameters of the 
core block and the IL. From the difference in solubility parameters between PB and the IL, 
the χPB-IL parameter is expected to decrease with increasing IL cation alkyl chain length. 
When preparing micelles by the DD protocol, the higher χPB-IL, the larger and more disperse 
the resulting micelles. Additionally, the relatively large χ restricts typical equilibration 
mechanisms observed in diblock copolymer micelles such as individual chain 
exchange.17,19  
Figure 3.18a demonstrates the large dependence of ΔQ on solvent selectivity. As shown 
in the figure and in Table 3.4, the more selective ILs show a larger change in the as-
prepared and steady-state aggregation numbers in comparison to the least selective solvent, 
[C8mim][TFSI]. This trend is also observed in Figure 3.18b when comparing the as-
prepared and steady-state Rh and Rcore as a function of the IL selectivity. Specifically, 
the overall change in Rh and Rcore increases with increasing solvent selectivity. In 
general, the effects of the solvent selectivity on the fragmentation kinetics are minimal, 
however, the results show that regardless of the IL selectivity, DD of BO(8-6) in these 
solvents lead to micelles that are not at equilibrium, and this preparation protocol results in 
structures that are large enough to equilibrate by fragmentation and not by chain exchange.  





Figure 3.18: (a) Initial and final aggregation numbers versus IL cation alkyl chain length. 
The aggregation numbers are calculated from the Rcore determined by ex-situ SAXS 
assuming a dry micelle core. (b) Dependence of Rh0 and Rcore0 (filled circles) and Rhf 
and Rcoref (filled triangles) on the IL cation alkyl chain length. The Rh0 for 0.5 wt % 
BO(8-6) in [C2mim][TFSI] was calculated by taking the average of the two Rh values 
obtained by fitting DLS results to a double exponential. 
 
The poor solubility of the core block is anticipated to give rise to a micellization 
scenario where the nucleation of micelles is overcome by the speed of micelle growth, 
resulting in large, polydisperse micelles. Additionally, it has been suggested that the 
morphology of micelles prepared by direct dissolution will depend on the morphology of 
the bulk polymer.128,180 SAXS of the bulk BO(8-6) polymer was conducted. The scattering 
data, shown in Figure A2 of the Appendix, confirms that BO(8-6) exhibits a lamellar 
morphology at 70 °C, which is the temperature used for direct dissolution of BO(8-6) in 
ILs. The domain size of the PB lamellae was estimated to be approximately 21 nm, which 
is comparable to the initial micelle core size. It is possible that in direct dissolution the 
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solvent penetrates the PEO domains,  and surface instabilities of the lamellae begin to pinch 
off to give large, polydisperse spherical aggregates in solution. This behavior is analogous 
to the Rayleigh instability, which is discussed in detail in Chapter 7, and is referenced in 
computations of surfactant-based micelles,178 and experimentally in cylinder-to-sphere 
transitions181 in block copolymer micelles.  A schematic illustration of this process is 
depicted in Figure 3.19.  
 
Figure 3.19: Schematic illustration of the direct dissolution process. In the bulk, BO(8-6) 
exhibits a lamellar morphology, with a PB domain size of 21 nm, and a PEO domain size 
of 14 nm. When ionic liquid, vigorous stirring, and heat are introduced to the bulk polymer, 
the lamella begin to tear apart into sheets, or potentially cylinders, and each lamella breaks 
off into either cylinders and then into spherical aggregates, or the lamella break off to form 
large spherical aggregates. This results in spherical micelles with Rcore0 ≈ 21 nm. 
 




However, the interfacial tension between the core-forming block and the solvent also 
plays a role in the initial micelle size. This is shown in Table 3.3, where Rh0 decreases as 
the solvent is changed from [C1mim][TFSI] to [C8mim][TFSI]. Based on this view, it is 
reasonable that the size and polydispersity of micelles prepared by DD protocol can be 
tuned based on the initial domain size of the core- and corona-forming blocks in the bulk 
polymer in one solvent. As the solvent selectivity towards the core block is changed, the 
as-prepared micelle size will also be determined by the interfacial tension between the core-
forming block and the solvent, but the domain size in the bulk sample can also play a role.   
 
3.4 – Summary 
In this work, the equilibration kinetics were studied for BO(8-6) micelles prepared by 
direct dissolution in five [Cxmim][TFSI] ILs using T-jump DLS, SAXS, and LP-TEM. 
From the combined techniques, it was found that the micelle size (Rh and Rcore) 
decreased significantly after prolonged annealing at 170 °C; the final aggregation number 
was about half of the original.  The decay in Rh and Rcore could be well described by a 
compressed exponential with an exponent of 2 in almost all cases. The origin of this 
functional form is not yet apparent. The characteristic relaxation times determined by fits 
to this equation for DLS for BO(8-6) in [C2mim][TFSI] were essentially independent of 
concentration, indicating a relaxation process that is first-order with respect to polymer 
concentration. The effects of solvent selectivity on the equilibration kinetics were 




investigated by using five different ionic liquids with varying cation alkyl chain lengths. In 
this case, the decay of Rh occurs on a similar timescale regardless of the solvent quality. 
To verify that micelle fragmentation was taking place, LP-TEM and SAXS were used to 
monitor the evolution in micelle core size after annealing at 170 °C. The large decrease in 
core radius indicates that fragmentation is most likely the primary equilibration mechanism 
observed in this system, as individual chain exchange would not be expected to change the 
core radius to that extent.   
In general, these experiments indicate that the solvent selectivity plays a significant 
role in how far the as-prepared micelles are from the equilibrium size. Specifically, the 
more selective solvents result in micelles much larger aggregation numbers, while the least 
selective solvents result in as-prepared micelles that are closer to the equilibrium size. 
However, the solvent selectivity was found to play essentially no role in the fragmentation 
kinetics, as nearly all the PB-PEO micelles in imidazolium-based ILs fragmented on the 
order of hundreds of minutes. Because the fragmentation kinetics are independent of 
solvent quality, the primary barrier to micelle fragmentation is most likely not from the 
exposure of the micelle core to the solvent in the transition state. We speculate that the 






Chapter 4 – Direct observation of micelle 
fragmentation via in-situ liquid-phase 
transmission electron microscopy 2F,†  
 
4.1 – Introduction 
As shown in Chapter 3 and in previous work by Meli et al., solution preparation by the 
DD method of PB-PEO diblock copolymers in [C2mim][TFSI] resulted in kinetically 
trapped, large micelles.89 These micelles then became smaller, eventually reaching a steady 
state size,  upon prolonged annealing at elevated temperatures. Similar evidence of 
fragmentation was reported for PB-PEO micelles prepared by DD in various 
[Cxmim][TFSI] ILs.89–91 Although the as-prepared micelles decreased in size when 
subjected to annealing at 170 °C, TR-SANS experiments revealed that no individual chain 
exchange occurred under these conditions.90 Additionally, the kinetics of this process were 
found to be independent of polymer concentration, as shown in Figure 3.2b. Because 
micelle fusion should be a second-order kinetic processes with respect to polymer 
 
Reprinted in part with permission from Early, J. T.; Yager, K. G.; Lodge, T. P. Direct Observation of Micelle 
Fragmentation via In Situ Liquid-Phase Transmission Electron Microscopy. ACS Macro Lett., 2020, 9, 756 
– 761. Copyright © 2020 American Chemical Society. 
†This work was conducted in collaboration with Dr. Kevin G. Yager at Brookhaven National Laboratory in 
Upton, NY. 




concentration,95,97,117 it was concluded that PB-PEO micelles in these ionic liquids 
equilibrate primarily by fragmentation.90 This strong evidence for fragmentation 
notwithstanding, the equilibration kinetics were determined primarily by ensemble average 
methods such as DLS and SAXS. Direct imaging ex-situ by TEM has also been 
employed.91 Micelle fusion events have recently been observed for aqueous polymer 
solutions using in-situ liquid cell transmission electron microscopy.123 To the best of our 
knowledge, direct observation of fragmentation has not been reported in any block 
copolymer/solvent system. Of particular interest is the nature of the transition state. 
In this chapter, we build on the ex-situ LP-TEM experiments used in Chapter 3 and 
conduct high-temperature LP-TEM to observe in-situ fragmentation of PB-PEO micelles 
in [C2mim][TFSI]. Because the IL does not evaporate under the high vacuum conditions 
in the microscope, liquid samples can be imaged directly without the need for a 
hermetically sealed sample chamber.133,158–160 Using a temperature-controlled sample 
holder for LP-TEM allows T-jump experiments to be conducted directly in the microscope, 
and images of the change in micelle morphology during fragmentation were collected. 
Additionally, TR-SAXS experiments were performed to corroborate ensemble average 
changes in the core radius ⟨Rcore⟩ during a T-jump to 170 °C.  
 




4.2 – Materials and methods 
Three molar masses of PB-PEO were synthesized by two-step sequential anionic 
polymerization, as described in Section 2.1.1,136 with a constant volume fraction of PEO, 
fPEO ≅ 0.40.136 PB-PEO diblocks and 0.1 wt % butylated hydroxytoluene as an antioxidant 
were dissolved in dichloromethane and dried under vacuum at 40 °C for 72 h prior to use. 
Each molar mass is referred to as BO(x-y), where x and y denotes Mn in kg/mol of the PB 
and PEO blocks, respectively. SEC-MALS from Figure 2.2 showed that the three polymers 
studied, BO(8-7), BO(25-22), and BO(27-27), had low dispersities (Ð ≤ 1.09); see Sections 
2.1.1 and 2.1.2 for detailed molecular characterization. Micelles were prepared by the DD 
method described in Section 2.3.1 to obtain 0.25 wt % solutions. The micelle core 
dimensions were then studied in-situ via high-temperature LP-TEM, described in Section 
2.6.2 and TR-SAXS, as discussed in Section 2.5.3.  
 
4.3 – Results and discussion 
Prior to a T-jump to 170 °C, the PB core size for micelles as-prepared by DD in 
[C2mim][TFSI] was characterized by room-temperature LP-TEM and SAXS. ⟨Rcore⟩0 for 
0.25 wt % BO(8-7) in [C2mim][TFSI] was found to be approximately 20 nm with a 
standard deviation (σcore,0) of 6 nm by TEM image analysis. The 1D scattering patterns for 
BO(8-7), shown in Figure 2.17a, by SAXS at room temperature were fit to the Pedersen 
form factor for block copolymer micelles with the Percus-Yevick structure factor.153,157 




From the fits, ⟨Rcore⟩0 = 19.5 ± 2.0 nm for BO(8-7), in excellent agreement with TEM. As 
shown in Figure 4.1, all micelles observed for BO(8-7) by TEM were spherical. From 
Figure 2.17a, the form factor scattering for BO(8-7) micelles as prepared by DD and after 
a T-jump to 170 °C are consistent with spherical cores. The initial sizes of BO(25-22) and 
BO(27-27) micelles in [C2mim][TFSI] were also determined in this manner, and by TEM 
image analysis, ⟨Rcore⟩0 = 45 ± 5 nm for BO(25-22) and ⟨Rcore⟩0 = 50 ± 7 nm for BO(27-
27). The TEM images are shown in Figures 4.2 and 4.3, respectively. SAXS data of BO(25-
22), shown in Figure 2.18a, and BO(27-27) shown in Figure 4.4, confirm that the as-
prepared micelles are spherical. 
 
Figure 4.1: LP-TEM of 0.25 wt % BO(8-7) in [C2mim][TFSI] as prepared by DD (⟨Rcore⟩ 
= 21 ± 6 nm) and steady-state (⟨Rcore⟩ = 16 ± 3 nm) after annealing at 170 °C for 200 min. 
In these images, the ionic liquid appears darker than the PB micelle core due to the higher 
electron density of [C2mim][TFSI]. 
 
As Prepared Steady-State 





Figure 4.2: LP-TEM of 0.25 wt % BO(25-22) in [C2mim][TFSI] as prepared by DD (⟨Rcore⟩ 
= 45 ± 5 nm) and steady-state (⟨Rcore⟩ = 35 ± 4 nm) after annealing at 170 °C for 3000 min.  
 
 
Figure 4.3: LP-TEM of 0.25 wt % BO(27-27) in [C2mim][TFSI] as prepared by DD (⟨Rcore⟩ 
= 50 ± 7 nm) and steady-state (⟨Rcore⟩ = 38 ± 3 nm) after annealing at 170 °C for 3000 min.  
 
As Prepared Steady-State 
As Prepared Steady-State 





Figure 4.4: SAXS of 0.25 wt % BO(27-27) in [C2mim][TFSI] prepared by direct 
dissolution (filled green circles) and at steady-state after a T-jump to 170 °C (open green 
squares). The scattering data were fit to the Pedersen model (black lines) and were 
vertically shifted for clarity. The arrows indicate the q position of the first minimum in the 
form factor where ⟨Rcore⟩ ≈ 4.493/qmin. 
 
As noted above, prior work on the equilibration kinetics of PB-PEO in ILs relied on 
ensemble average methods, such as the work reported in Chapter 3, to determine the 
evolution of micelle size during a T-jump, and while the observed substantial decrease in 
the hydrodynamic radius and core radius is consistent with fragmentation, this 
phenomenon has yet to be observed in-situ.89–91 By annealing the solutions directly in the 
electron microscope, a series of images were obtained throughout the micelle relaxation 
process, and the evolution of the core morphology was monitored during fragmentation. 
Representative in-situ high-temperature LP-TEM images are shown in Figure 4.5 and 4.6 
for 0.25 wt % BO(25-22) and BO(27-27) in [C2mim][TFSI] at 170 °C, respectively. 
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Ideally, the time evolution of individual micelles would be recorded during annealing, but 
there are significant constraints on this experiment. First, the characteristic equilibration 
times for the polymers studied here are on the order of 102 – 103 min, making it difficult to 
track a single micelle in the TEM without causing significant electron beam damage. 
Second, the particles observed in LP-TEM are mobile and able to diffuse out of the image 
frame throughout the experiment. Thus, while the time series of images shown here are 
obtained for the same area of the sample grid, it is difficult to establish how many micelles 
remained within in the field of view throughout the annealing process.  
From Figure 4.5, the BO(25-22) micelle cores appear to be spherical, yet the 
distribution of core radii is quite significant after heating at 170 °C for 2 min (Figure 4.5a). 
After 20 min of annealing, some micelles become distinctly elliptical, and the core appears 
elongated compared to the image at 2 min; this is presumably the first stage of 
fragmentation (Figure 4.5b). After 180 min of annealing, the elongated cores appear more 
like a “peanut” with the formation of a shallow neck, which we interpret as the second 
major morphological change to the micelle structure during fragmentation (Figure 4.5c). 
After annealing for 400 min at 170 °C, a finer neck is observed in one micelle core 
undergoing fragmentation (Figure 4.5d). This fine neck formation was the last anisotropic 
morphology observed in BO(25-22) micelles during the experiment, and is therefore likely 
close to the final step in fragmentation, i.e., the transition state, before the complete 
separation of the core into two smaller, spherical micelles.   





Figure 4.5: In-situ LP-TEM images of 0.25 wt % BO(25-22) in [C2mim][TFSI] annealing 
at T = 170 °C for (a) 2 min, (b) 20 min, (c) 180 min, and (d) 400 min. Orange arrows 
indicate micelles referenced in the text. The electron dose rate was 9.8 e‒/Å2s at a 
magnification of 15k×. 
 
(a)  (b) 
(c) (d) 





Figure 4.6: In-situ LP-TEM images of 0.25 wt % BO(27-27) in [C2mim][TFSI] annealing 
at T = 170 °C for (a) 5 min, (b) 45 min, (c) 320 min, and (d) 450 min. Orange arrows 
indicate micelles referenced in the text. The electron dose rate was 9.8 e‒/Å2s at a 
magnification of 15k×. 
 
As shown in Figure 4.6, a similar evolution of the core morphology was observed for 
0.25 wt % BO(27-27) in [C2mim][TFSI]. Note that the equilibration kinetics for this sample 
(c) (d) 
(a) (b) 




are slightly slower than for BO(25-22) micelles at 170 °C, and about an order of magnitude 
slower than for BO(8-7) micelles. A more quantitative study of the effect of molar mass on 
fragmentation kinetics is presented in Chapter 5. The PB cores remain spherical after 
annealing at 170 °C for 5 min (Figure 4.6a), but a variety of more elongated micelles 
emerge after annealing for 45 min (Figure 4.6b). It is interesting to note the variety of 
anisotropic core morphologies observed in the 45 min image, and some particles appear to 
have formed a slight necking point. The fine-neck formation in one micelle was also 
observed for this sample after 320 min of annealing (Figure 4.6c), and after 450 min of 
annealing the PB core morphology again appears spherical, but distinctly smaller (Figure 
4.6d). The evolution of BO(8-7) micelles in  [C2mim][TFSI] during annealing at 170 °C 
proceeds by the same general mechanism observed for BO(25-22) and BO(27-27) micelles, 
and in-situ LP-TEM images for this polymer are shown in Figure 2.20. 
It is important to address the contrast variation observed in the in-situ LP-TEM images. 
At short annealing times, the micelle cores appear bright, with minimal appearance of 
Fresnel fringes. During high temperature annealing the changes in sample height causes a 
variation of focus, which is likely the cause for the appearance of darker Fresnel fringes at 
longer times. This change in sample thickness is relatively common in the LP-TEM 
literature, particularly for the open environmental chamber used here.133,182–184 Due to the 
transient nature of the fragmenting micellar structures, such as the one highlighted in 
Figure 4.6c, focus adjustments were difficult to perform. In this experiment, the beam was 
blanked (i.e., turned off) between each time point image; this approach mitigates additional 




beam damage to the specimen, but makes it difficult to perform focus adjustments in a 
timely manner. However, we conclude that this change in focus and the appearance of dark 
Fresnel fringes in some of the images is due to the experimental setup, and not due to 
changes in the mass distribution of the micelle core.  
Additionally, the influence of beam damage on the micelle structure is anticipated to 
be negligible compared to the effect of the electron beam on the stability of the free-
standing ionic liquid films.91,133 This is because the time required to observe beam damage 
effects to the sample (on the order of 10 min) is longer than the time required to rupture an 
IL film, which was found to be almost instantaneous when film rupture did occur. We 
observed that the ionic liquid films become less stable at higher magnifications ( > 20k×) 
and at elevated temperatures, where the formation of holes in the liquid films becomes 
common. At higher temperatures, the liquid layers can burst and adhere to the holey carbon 
support. This phenomenon has been reported previously for ionic liquids in open 
environment LP-TEM,133 and some examples of beam-damaged ionic liquid films are 
shown in Figure 4.7. 
 
Figure 4.7: Examples of beam damage observed in LP-TEM experiments at T = 170 ºC. 
Beam damage to the ionic liquid was indicated by either a dark ionic liquid region, a hole 
(a) (b) (c) 




in the liquid film, or complete rupture of the film. Examples of beam damage to the PB 
cores are shown by the inverted contrast (i.e. micelle core appears darker than the ionic 
liquid) present in all three images. (a) 0.25 wt % BO(8-7) in [C2mim][TFSI] where the red 
arrow point to the ruptured ionic liquid layer and the orange arrow points to dark region 
that is due to beam damage of the ionic liquid. (b) 0.25 wt % BO(25-22) in [C2mim][TFSI] 
where the red arrows point to the ruptured ionic liquid layer. (c) 0.25 wt % BO(27-27) in 
[C2mim][TFSI] where the red arrows point to the ruptured ionic liquid layer. 
 
To quantify the change in the core dimensions during fragmentation, an automated 
image analysis routine was applied to the images in Figures 4.5, 4.6, and 2.20 (details in 
Section 2.6.2). The count histograms generated by the automated image analysis routine 
for the change in core radius and area are shown in Figures 4.8, 4.9, and 4.10.  
 
Figure 4.8: Automated image analysis histograms of micelle core radius (a, c, e, g) and 
area (b, d, f, h) from in-situ LP-TEM images of 0.25 wt % BO(8-7) in [C2mim][TFSI] 
annealing at T = 170 °C. 
 





















Figure 4.9: Automated image analysis histograms of micelle core radius (a, c, e, g) and 
area (b, d, f, h) from in-situ LP-TEM images of 0.25 wt % BO(25-22) in [C2mim][TFSI] 
annealing at T = 170 °C. 
 
 
Figure 4.10: Automated image analysis histograms of micelle core radius (a, c, e, g) and 
area (b, d, f, h) from in-situ LP-TEM images of 0.25 wt % BO(27-27) in [C2mim][TFSI] 
annealing at T = 170 °C. 
 
The average values obtained from image analysis are summarized in Table 4.1. For 
each time point ⟨Rcore⟩ (nm), σcore (nm), mean aggregation number Q, core area A (nm2), 




































average eccentricity  (where  = 0 for a perfectly spherical object and  approaches 1 for 
elongated, high aspect-ratio objects), and P×Rcore/A were determined.   
Table 4.1: Automated image analysis of in-situ LP-TEM images for 0.25 wt % PB-PEO in 










e P×Rcore/Af scoreg 
5 20 2 1750 1230 0.5 2.1 2.2 
20 18 2 1270 986 0.6 2.1 1.9 
50 18 3 1340 1040 0.5 2.2 2.0 
100 16 2 972 814 0.3 2.1 1.8 
BO(25-22) 
2 38 9 6840 5322 0.4 2.1 2.9 
20 35 11 3890 5180 0.6 2.5 2.4 
180 33 8 3270 5780 0.5 2.7 2.3 
400 28 5 2440 2758 0.1 2.1 2.0 
BO(27-27) 
5 46 5 7520 6580 0.4 2.1 3.0 
45 48 7 8720 7320 0.5 2.2 3.1 
320 34 7 3000 3660 0.4 2.2 2.2 
450 35 2 3450 3880 0.3 2.1 2.3 




a⟨Rcore⟩ = (A/π)1/2. bOne standard deviation from ⟨Rcore⟩. cAggregation number (Q) 
calculated as 4π⟨Rcore⟩3/(3VPB) assuming the core is devoid of solvent, and VPB is the 
volume per core chain. dSurface area measured by automated image analysis. 
eEccentricity calculated by fitting an ellipse to the object, determined as  = (1 ‒ b2/a2)1/2; 
for a perfect circle,  = 0, and for an infinitely long object  = 1. fPerimeter × average 
radius/area is equal to 2 for a perfectly spherical boundary, and the boundary is less 
spherical if this value is greater than 2. gscore is the degree of core block stretching 
calculated as ⟨Rcore⟩ divided by the root-mean-square end-to-end distance of the core 
block. 
 
In Table 4.1 P×Rcore/A is the perimeter of the micelle core multiplied by the radius 
divided by the area, which describes how circular the boundary of the particle is; if 
P×Rcore/A = 2 the boundary is perfectly circular and if P×Rcore/A > 2 the particle boundary 
has more undulations. From Table 4.1, ⟨Rcore⟩ for all samples decreases with time, as 
expected for micelle fragmentation. Interestingly, the ratio of the aggregation numbers 
from the final to the initial time points are 0.55 for BO(8-7), 0.36 for BO(25-22), and 0.46 
for BO(27-27). This indicates that the BO(8-7) micelles after 100 min of annealing are 
approximately half of the size of the micelles after only 5 min of annealing. Similarly, 
BO(27-27) micelles contain approximately half of the number of polymer chains after 450 
min of annealing compared to at only 5 min of annealing. The decrease in Q for BO(25-
22) is slightly more substantial, as the average number of chains per micelle decrease by 
almost 70% after 400 min of annealing compared to 2 min of annealing at 170 °C. This 
decrease in Q for all samples further confirms that the micelles are equilibrating primarily 
by fragmentation. It also suggests that most, if not all, micelles undergo only a single 




fragmentation event during these experiments. This would be expected if the initial average 
aggregation were approximately a factor of two larger than the equilibrium value. Another 
interesting trend is the change in the micelle eccentricity  throughout fragmentation. This 
was calculated by fitting micelle images using the typical definition of anisotropy for an 
ellipse. From Table 4.1, the average  for all micelles at the shortest annealing times is ~ 
0.4 – 0.5, which could imply shape fluctuations at short timescales related to τ0 from 
Equation 3.2, and the eccentricity increases for intermediate annealing times, consistent 
with the elongation of micelles during the early stages of fragmentation. For the longest 
annealing times, the eccentricity decreases to   ≤ 0.3, which indicates the micelle core 
achieves an even more spherical morphology after fragmentation.  
TR-SAXS at 170 °C was used to corroborate the change in ⟨Rcore⟩ with annealing time, 
where the background-subtracted 1D scattering intensity was fit to the Pedersen form factor 
model for block copolymer micelles with the Percus-Yevick hard sphere structure factor 
to directly obtain ⟨Rcore⟩ and σcore, with superior temporal resolution and counting statistics 
than LP-TEM.153,157 The ⟨Rcore⟩ versus time from TR-SAXS for 0.25 wt % BO(8-7) in 
[C2mim][TFSI] and 0.25 wt % BO(27-27) in [C2mim][TFSI] are shown in Figure 4.11, 
superposed with ⟨Rcore⟩ determined by in-situ LP-TEM from Table 4.1. Longer annealing 
times are readily obtained with TR-SAXS, and a steady-state ⟨Rcore⟩ is reached, indicated 
by the second plateau at longer t in Figure 4.11.  





Figure 4.11: Image analysis of in-situ LP-TEM of 0.25 wt % BO(8-7) (orange circles) and 
BO(27-27) (blue diamonds) in [C2mim][TFSI] at 170 °C. The change in ⟨Rcore⟩ determined 
using an automated image analysis program, where several micelles were measured for 
each time point. The error bars represent one standard deviation from the average value. 
Data points in black were determined by fitting 1D scattering intensity obtained by TR-
SAXS to the Pedersen model with the Percus-Yevick hard sphere structure factor.  
 
For BO(8-7) micelles, ⟨Rcore⟩ values from TR-SAXS and LP-TEM agree remarkably 
well as a function of time, which indicates that ⟨Rcore⟩ from the automated TEM image 
analysis is consistent with the ensemble average. This agreement is expected because the 
fragmentation time for BO(8-7) micelles is approximately 200 min, which is a reasonable 
interval over which to conduct the LP-TEM experiment. The ⟨Rcore⟩ obtained by each 
experiment for BO(27-27) micelles agrees within the errors of the two techniques at early 
times, but the ⟨Rcore⟩ values from LP-TEM at 320 min and 450 min are slightly smaller than 
the averages obtained by TR-SAXS. As the number of micelles measured in Figure 4.6 to 



























adequate representation of the ensemble ⟨Rcore⟩. Nevertheless, the kinetic information from 
TR-SAXS supports the statistics obtained through analysis of the LP-TEM images. 
To rationalize the fragmentation kinetics reported previously for BO(8-7) in ionic 
liquids,89–91 and to understand the morphological evolution of the PB micelle core during 
fragmentation observed here, we consider the degree of chain stretching in the core (score) 
and the corona (scorona), along with the extent of corona crowding in the transition state for 
fragmentation. The proposed transition state of a “two-spherical-compartment” micelle is 
illustrated in Figure 4.12 as structure IV. The equilibrium size and morphology of a micelle 
is governed by the free energy balance among the core, corona, and the interface.36 The as-
prepared micelles and those imaged at the shortest annealing times exhibit a relatively high 
degree of stretching in the core chains as shown in Table 4.1, where score was calculated as 
⟨Rcore⟩ divided by the root-mean-square end-to-end distance of the PB block.  
 
Figure 4.12: Schematic illustration of block copolymer micelle fragmentation where the 
as-prepared micelles begin to elongate at short annealing times to relieve chain stretching 
in the larger, as-prepared micelles, followed by necking at longer annealing times, and the 
thinning of the neck, which is believed to be the rate-limiting step to this process, and 











The relative instability of the intermediates shown in Figure 4.12 likely explains the 
observation of a small number of anisotropic micelles with a neck for BO(25-22) and 
BO(27-27). It is likely that the stability of the shapes illustrated in Figure 4.12 decreases 
as I > II > III > IV. Therefore, the number of micelles observed in the experiment decreases 
in that order. Previous reports on the fragmentation kinetics of BO(8-6) in [C2mim][TFSI], 
such as those in Chapter 3, found that the change in ⟨Rcore⟩ with annealing time is well-
described by a compressed exponential with a compression exponent of 2.90,91  
Although the mechanism of fragmentation was observed here, the origin of the 
compressed exponential behavior remains to be determined. The first stage of 
fragmentation proceeds via the elongation of spherical micelles into a roughly cylindrical 
morphology. This change in core area is entropically favorable due to the relief of both 
core and corona chain stretching in the as-prepared micelles, but opposed by the increased 
surface area. From Chapter 3, measurements of fragmentation in five different ionic liquids 
revealed that the kinetics were largely independent of surface tension, indicating that the 
transition state does not involve exposing the core to the solvent.91 Rather, the kinetic 
barrier most likely results from increased corona crowding during the neck formation in 
“two-compartment” micelles. In this scenario the thinning of the neck, represented as the 
fourth structure in Figure 4.12, causes increased corona crowding for the polymer chains 
near the necking point, and is presumably close to the transition state.  
 




4.4 – Summary 
In summary, we report the direct observation of block copolymer micelle fragmentation 
for PB-PEO in [C2mim][TFSI]. Due to the nonvolatility of ionic liquids, high-temperature 
LP-TEM allows imaging of dynamic processes of soft matter in solution. From this chapter, 
we identified four distinct changes in micelle core morphology during fragmentation. 
Initially, the micelles prepared by direct dissolution are spherical, and upon heating to 170 
°C the micelles begin to elongate. The elliptical micelles then begin to form a slight neck, 
or peanut shape, and then the neck thins out to connect two nearly spherical core 
compartments, which we hypothesize is the rate limiting step in micelle fragmentation; 





Chapter 5 – Effect of molar mass on 
micelle fragmentation kinetics3F,§ 
 
5.1 – Introduction 
The molar mass (M) of diblock copolymers not only affects the equilibrium structure 
of micelles, but also the dynamics and equilibration kinetics in solution.18,23,116 The 
aggregation number Q of a given micelle can vary depending on history, and micelle 
equilibration occurs by some combination of the exchange of individual chains,17,19,22–24,26–
28,114 fusion, or fragmentation.90,117,120,126 Halperin and Alexander proposed that the chain 
exchange kinetics depends on a characteristic relaxation time, τex, that depends on the core 
and corona block lengths as τex ~ Ncore2/25Ncorona9/5exp(Ea/kBT), where Ea is the activation 
barrier given by γNcore2/3b2, where γ is the interfacial tension between the core block and 
the solvent and b is the monomer size of the core block.95 Experimentally, the effect of M 
on micelle chain exchange kinetics has been found to be very strong, with the barrier to 
exchange increasing linearly with Ncore in contrast to the Halperin-Alexander 
model.18,21,24,26,27,185 Interestingly, it has also been reported that increasing Ncorona of PS-
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PEP micelles in squalane could increase the rate of chain exchange by up to two orders of 
magnitude,23 whereas studies of C27-PEOn in water showed that increasing Ncorona had the 
opposite effect.18 
Despite the dramatic effect of M on chain exchange, essentially nothing is known 
experimentally about the influence of M on the kinetics of fragmentation.90 In general, 
fragmentation is much slower than chain exchange for micelles that are not too far from 
equilibrium, thus increasing M should lead to longer fragmentation timescales.90,120,126 As 
demonstrated in Chapters 3 and 4, techniques including DLS and TR-SAXS are useful for 
monitoring changes in micelle size over a wide range of timescales.44,89,104,109,113 This is 
primarily due to the relatively short acquisition times required for DLS (i.e., minutes), and 
particularly for synchrotron SAXS (seconds). Previous work by Kelley et al. showed that 
micellization of PB-PEO in mixtures of tetrahydrofuran and water occurs via a distinct 
bimodal pathway, and the increase of ⟨Rh⟩ was monitored using DLS for as long as 90 
days.113 They concluded that the initial growth of micelles occurs via micelle fusion.113 
Additionally, the combination of DLS and TR-SAXS proves invaluable for determining 
micelle fragmentation kinetics, as ⟨Rh⟩ and ⟨Rcore⟩ are readily determined. Again, chain 
exchange by itself is not expected to change ⟨Rcore⟩ to a significant extent.90,91,123  
As discussed in Section 1.3.2, a theoretical model of the M dependence, specifically 
the dependence on Ncorona, of micelle fusion and fragmentation has been reported.97 
Dormidontova proposed a scaling model to account for micellization in systems far from 
equilibrium, and assumed that micelle fragmentation proceeds by the reverse mechanism 




as micelle fusion.97 The relaxation time (τfus) for fusion of two micelles with similar 
aggregation numbers (Q1 ≤ Q2) scales with aggregation number and the degree of 
polymerization of the corona block as τfus ~ Ncorona17/5Q14/5Q2.97 The strong Ncorona 
dependence on the characteristic time for fusion is attributed to the corona chain 
deformation during the merging process, where the corona chains of a smaller micelle 
penetrate into the corona region of a larger micelle. Based on this observation for micelle 
fusion, the fragmentation times for micelles with small Q were estimated to scale with 
Ncorona17/5 as well. The fragmentation time was predicted to scale as τfrag ~ Ncorona9/5Q13/5 for 
micelles with very large aggregation numbers Q > (cVcorona)5/2Ncorona2, where c is the micelle 
concentration and Vcorona is the molar volume of a corona-forming chain. 
Previous work on the micellization of PB-PEO in [C2mim][TFSI] showed that the 
solution preparation method influences ⟨Rh⟩. For micelles prepared by DD of the bulk 
copolymer in the IL, the ⟨Rh⟩ of the as-prepared micelles is quite large compared to micelles 
prepared by the co-solvent method, in which a good solvent is introduced to the solution 
and slowly evaporated away.89 For micelles prepared by DD, ⟨Rh⟩ decreased to 
approximately half of the original size when annealed at 170 ºC.89 Further work on this 
system showed that the time-dependent decrease in ⟨Rh⟩ was consistently well-described 
by a compressed exponential function exp(–(t/)n) with an exponent n ≈ 2, even at lower 
annealing temperatures (T = 120 ºC).90 As discussed in Chapter 3, to further understand the 
mechanism, the fragmentation kinetics for one molar mass of PB-PEO was studied in 
[Cxmim][TFSI] based ILs, where x = 1, 2, 4, 6, and 8.91 The solvent quality with respect to 




the PB core-forming block was improved by increasing the length of the alkyl chain on the 
IL cation, but it was found that the improvement in solvent quality did not affect the 
fragmentation kinetics of PB-PEO micelles to any significant extent.91 In Chapter 4, we 
reported the direct observation of micelle fragmentation for three molar masses of PB-PEO 
in [C2mim][TFSI] using high-temperature LP-TEM, and intermediate structures close to 
an apparent transition state for micelle fragmentation were observed in situ.92 
The absence of experimental results on the M dependence of fragmentation kinetics 
motivates the work in this chapter. Here we monitor the fragmentation of PB-PEO in the 
IL [C2mim][TFSI] where the total molar mass of the diblock is varied from 11 to 100 kg 
mol–1 while maintaining a constant volume composition ƒPEO ≈ 0.4. The thermal stability 
and nonvolatility of ILs is once again advantageous here as the solutions can be heated to 
much higher temperatures than organic solvents, allowing the kinetics of fragmentation to 
be studied over more accessible time scales.140  
 
5.2 – Materials and methods 
Synthesis and Characterization. Six molar masses of PB-PEO were synthesized by two-
step sequential anionic polymerization, as described in Section 2.1.1.136 Mn, Ð, and fPEO for 
BO(x-y) were determined by a combination of SEC-MALS (Wyatt Dawn Heleos II) and 
1H NMR in CDCl3 (1H NMR, Varian Inova 500). The dn/dc for the diblocks were estimated 
as the weight average of the refractive index increments for PB in THF (dn/dc = 0.119 




mL/g) and PEO in THF (dn/dc = 0.068 mL/g).138 Detailed molecular characterization is 
provided in Figure 2.2 and Table 2.1. 
Solution Preparation by DD. All solutions were prepared by the direct dissolution (DD) 
method described in Section 2.3.1, unless noted otherwise.  
DLS. T-jump and multi-angle room temperature scattering measurements were performed 
according to Section 2.4.2. 
Liquid-Phase Transmission Electron Microscopy (LP-TEM). High-temperature LP-
TEM of BO(53-46) in [C2mim][TFSI] was conducted as described in Section 2.6.2. 
TR-SAXS. Time-resolved SAXS experiments were conducted according to the in-situ 
SAXS procedure described in Section 2.5.3. 
 
5.3 – Results and discussion 
Initial and final micelle dimensions 
SAXS and DLS were used to determine the effect of molar mass on the size of micelles, 
both as prepared by direct dissolution and also at steady-state after annealing at 170 °C. 
The initial size of micelles prepared by DD and after a T-jump to 170 °C were determined 
by multi-angle DLS and SAXS, in terms of the overall micelle radius Rh and the micelle 
core radius Rcore, respectively. The overall radii were determined by fitting the intensity 
autocorrelation function from DLS to a 2nd order cumulant expansion shown in Equation 




2.15. The radii increased monotonically with increasing M, as seen in Figures 2.12 and 5.1. 
REPES analysis of DLS data, shown in Figure 2.12, for the as-prepared and steady-state 
⟨Rh⟩ of 0.25 wt % PB-PEO in [C2mim][TFSI] corroborates the fitting results in that the 
⟨Rh⟩ decreases after annealing at 170 °C for all values of M. The percent decrease in ⟨Rh⟩ 
after long-time annealing at 170 °C was 31%, 36%, 33%, 17%, 25%, and 29% for BO(6-
5), BO(8-7), BO(10-9), BO(25-22), BO(27-27), and BO(53-46), respectively. 
 
Figure 5.1: Dependence of ⟨Rh⟩ on the total degree of polymerization Ntotal for 0.25 wt % 
PB-PEO in [C2mim][TFSI] as-prepared by DD (black circles) and at steady-state after 
annealing at 170 °C (blue triangles). The error bars represent estimated 10% measurement 
uncertainty. 
 
To determine the effect of M on Rcore, SAXS was performed at room temperature before 
and after annealing at 170 °C. The background corrected scattering intensity traces versus 
q for the as-prepared and steady-state micelles are shown in Figures 5.2a and 5.2b, 





























defined spheres. This is confirmed by the distinct first minimum in the form factor and 
oscillations at higher q values, which generally reflect a narrow size distribution and a 
modest interfacial width at the core-corona interface.153,171 The increased size dispersity of 
BO(53-46) micelles may be due to the fixed time used to prepare the solutions, and longer 
dissolution times may be required to obtain more narrowly distributed initial micelles. 
Similarly, well-defined smaller spherical micelles are obtained after annealing at 170 °C, 
as shown in Figure 5.2b, for all but the largest polymer. 
 
Figure 5.2: SAXS intensity versus q, on logarithmic scales, for 0.25 wt % PB-PEO in 
[C2mim][TFSI] (T = 27 °C) (a) as prepared by DD and (b) steady-state after annealing at 
170 °C. The black lines represent the best fits of the scattering data to the Pedersen model 
for block copolymer micelles described in Section 2.5.1. The data sets are shifted vertically 
for clarity. 
 
As with the total micelle radius, ⟨Rcore⟩ from SAXS was found to increase 
monotonically with M for the as-prepared and steady-state micelles, as shown in Figure 
5.3. The changes in micelle size before and after annealing at 170 °C are summarized in 
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Table 5.1. The percent decrease in ⟨Rcore⟩ exhibits a similar trend to that observed in ⟨Rh⟩; 
the percent decrease in ⟨Rcore⟩ with increasing M was 22%, 20%, 14%, 22%, 24%, and 
23%. From ⟨Rcore⟩, the average aggregation number Q was calculated assuming that the 
micelle core is devoid of solvent (i.e., Q = (4π⟨Rcore⟩3)/3Vcore, where Vcore = Mn,PB/ρPBNAv is 
the molar volume of one core block). This is a reasonable approximation for such a strongly 
segregated system. From these values, the fragmentation process results in a population of 
micelles with an average aggregation number that is approximately half that of the initial 
aggregation number. The core size of strongly segregated block copolymer micelles should 
scale as Rcore ~ Ncore3/5.35,37,79 
 
Figure 5.3: Scaling of ⟨Rcore⟩ versus Ncore for 0.25 wt % PB-PEO in [C2mim][TFSI] as 
prepared by DD (black circles) and steady-state after annealing at 170 °C (blue triangles). 
The solid lines for the as prepared and steady-state values represent the scaling obtained 
for ⟨Rcore⟩0 ~ Ncore0.62 (black line) and ⟨Rcore⟩f ~ Ncore0.59 (blue line). The error bars represent 
±σcore shown in Table 5.1. 
 









































Table 5.1: Micelle Dimensions for 0.25 wt % Solutions in [C2mim][TFSI] at T = 27 °C, 
Before and After Annealing at 170 °C. 









Q0a score,0b scorona,0c 
BO(6-5) 29 0.08 18 1.4 1260 2.1 2.2 
BO(8-7) 42 0.25 20 6.0 1900 2.5 2.5 
BO(10-9) 51 0.23 22 10.0 2400 2.4 3.3 
BO(25-22) 70 0.09 45 5.3 8060 2.9 1.9 
BO(27-27) 83 0.17 50 6.6 11000 3.4 2.2 
BO(53-46) 108 0.18 65 15.0 11400 3.2 2.1 









Qfa score,fb scorona,fc 
BO(6-5) 20 0.05 14 1.3 930 2.0 0.8 
BO(8-7) 27 0.05 16 3.0 950 1.6 1.5 
BO(10-9) 34 0.04 19 3.3 1500 2.1 1.7 
BO(25-22) 58 0.07 35 5.4 3800 2.3 1.7 
BO(27-27) 62 0.09 38 3.0 4900 2.6 1.6 
BO(53-46) 77 0.09 50 7.8 5200 2.0 1.8 
aThe aggregation number (Q), where the subscripts 0 and f denote initial and final values, 
respectively, was calculated as 4π⟨Rcore⟩3/(3VPB) assuming the core is devoid of solvent, 




and VPB = Mn,PB/ρPBNAv is the volume per core chain, ρPB = 0.89 g/cm3, NAv is Avogadro’s 
number, and Mn,PB is the molar mass of PB, as reported in Table 2.1.  
 bThe degree of core chain stretching (score), was calculated as ⟨Rcore⟩ divided by the root 
mean square end-to-end distance of the core block using the statistical segment length of 
PB, b = 5.9 Å.186 
 cThe degree of corona chain stretching (scorona) calculated as the corona thickness (Lcorona 
= ⟨Rh⟩ – ⟨Rcore⟩) divided by the root mean square end-to-end distance of the corona block 
using the statistical segment length of PEO, b = 6.0 Å.135 
 
As shown in Figure 5.3, ⟨Rcore⟩ increases with Ncore essentially as predicted for both the 
as-prepared and steady-state samples. This former result is somewhat unexpected, in that 
micelles prepared by DD apparently adhere to an equilibrium scaling relationship of ⟨Rcore⟩ 
with Ncore, even though they are clearly far from equilibrium. This result highlights another 
difficulty in assessing the true equilibrium state in block copolymer micelles – apparent 
adherence to an equilibrium scaling law is far from a sufficient criterion.  
 
Fragmentation Kinetics 
The substantial decrease in micelle size after annealing has previously been established 
as being due to micelle fragmentation.90,91 Thus, the fragmentation kinetics were studied 
for six molar masses of PB-PEO in [C2mim][TFSI] using T-jump DLS and TR-SAXS to 
determine the dependence of τfrag on the total degree of polymerization of the copolymer 
Ntotal. The change in ⟨Rcore⟩ was monitored with high temporal resolution by heating micelle 
solutions directly on the beamline to 170 °C under vacuum, and the scattering was 




measured during annealing for 48 h. Representative TR-SAXS data for 0.25 wt % BO(6-
5), BO(10-9), and BO(27-27) in [C2mim][TFSI] are shown in Figure 5.4, 5.5, and 5.6, 
respectively, where the background-subtracted intensity traces versus q are plotted as a 
function of annealing time. Analogous TR-SAXS data for BO(8-7) and BO(25-22) are 
shown in Figures 2.17b and 2.18b, respectively. 
 
Figure 5.4: TR-SAXS intensity (logarithmic scale) as a function of q showing the evolution 
in the micelle core radius while annealing at 170 °C for 0.25 wt% BO(6-5) in 
[C2mim][TFSI]. The position of the first minimum in the form factor increases from qmin 
= 0.025 Å–1 for short annealing times to qmin = 0.028 Å–1 at longer annealing times. 
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Figure 5.5: TR-SAXS intensity (logarithmic scale) as a function of q showing the evolution 
in the micelle core radius at 170 °C for 0.25 wt % BO(10-9) in [C2mim][TFSI].  
 
 
Figure 5.6: TR-SAXS intensity (logarithmic scale) as a function of q showing the evolution 
in the micelle core radius at 170 °C for 0.25 wt% BO(27-27) in [C2mim][TFSI].  
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As shown in Figure 5.6, the form factor for BO(27-27) shows a first minimum at qmin 
= 0.009 Å‒1 after annealing at 170 °C for approximately 26 min, which corresponds to 
⟨Rcore⟩ = 50 nm from the hard sphere approximation where qRcore = 4.493. Throughout the 
course of an annealing experiment, the q-position of the first minimum shifts progressively 
to higher values of q, indicative of a smaller ⟨Rcore⟩. After annealing at 170 °C for 
approximately 2500 min, qmin shifts to 0.012 Å‒1 and ⟨Rcore⟩ = 37.4 nm. Fitting the 
scattering data to the block copolymer micelle model before and after annealing at 170 °C 
shows good agreement with the hard sphere approach used to determine ⟨Rcore⟩ from TR-
SAXS.  
To quantify the fragmentation kinetics, the change in micelle size, either ⟨Rh⟩ or ⟨Rcore⟩, 
is normalized according to Equation 2.17, and i = h or core denotes either the average 
hydrodynamic radius from DLS or the average micelle core radius from SAXS. The 
normalized change in size was fit to the Avrami equation or “compressed” exponential, 
shown in Equation 2.18, where τfrag is the fragmentation time constant and n is the Avrami 
exponent. The normalized change in ⟨Rh⟩ from DLS is shown in Figure 5.7, and that for 
⟨Rcore⟩ in Figure 5.8. 





Figure 5.7: Time dependence of normalized ⟨Rh⟩ for 0.25 wt % solutions of PB-PEO M 
series in [C2mim][TFSI]. DLS measurements were performed at a scattering angle of 90° 
and a relaxation temperature of 170 °C. Solid lines represent best fits to Equation 2.18 with 
n = 2.2 ± 0.3. 
 
Figure 5.8: Time dependence of normalized ⟨Rcore⟩ for 0.25 wt % solutions of PB-PEO in 
[C2mim][TFSI]. TR-SAXS measurements were performed at a relaxation temperature of 










































A 702.30575 ± 5.44164




5.3 – Results and discussion 
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From DLS, the change in ⟨Rh⟩ while annealing at 170 °C is well-described by Equation 
2.18, with an exponent of 2.0–2.3, as shown in Table 5.2. The fitting was performed using 
n as an adjustable parameter, resulting in an average value of n = 2.2 ± 0.3. Refitting the 
data with a fixed exponent of n = 2.0 resulted in fits of similar quality with only modest 
variations in τfrag, as shown in Table 5.3. Attempts to fit the change in normalized ⟨Rh⟩ to a 
single or a double exponential resulted in poor fit quality for the former, and physically 
unreasonable values of τfrag for the latter. This is consistent with previous reports on a 
single, low molar mass of PB-PEO in various ionic liquids.89–91  
Table 5.2: M dependence of  τfrag determined by T-jump DLS and TR-SAXS at 170 °C 
for 0.25 wt % BO(x-y) in [C2mim][TFSI].   
T-jump DLS TR-SAXS 
Sample τfrag (min) n τfrag (min) n 
BO(6-5) 120 ± 10 2.0 140 2.1 
BO(8-7) 200 ± 75 2.0 250 2.2 
BO(10-9) 690 ± 90 2.2 710 2.2 
BO(25-22) 1750 ± 170 2.2 1500 2.1 
BO(27-27) 2300 ± 250 2.1 2070 2.3 
BO(53-46) 5000 ± 360 2.7 - - 
5.3 – Results and discussion 
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Table 5.3: M dependence of  τfrag determined by T-jump DLS and TR-SAXS at 170 °C 
for 0.25 wt % BO(x-y) in [C2mim][TFSI] when n is fixed at 2.0. 
From Figure 5.8, the fragmentation time frag increases strongly with M; the 11 kg mol–
1 diblock has a frag on the order of 100 min, whereas the 100 kg mol–1 diblock has frag  ≈ 
5000 min. To corroborate the results from T-jump DLS, the time-dependent change in Rcore 
from SAXS at 170 °C was normalized according to Equation 2.18. The results for all 
polymers except BO(53-46) are shown in Figure 5.8. The dispersity in Rcore for BO(53-46) 
made estimating the radius using the hard sphere approximation based on the first 
minimum of the form factor unreliable. Although the intensity traces for BO(53-46) could 
be fit to the Pedersen model, the error in ⟨Rcore⟩ was quite large. The large micelle size 
T-jump DLS TR-SAXS 
Sample τfrag (min) τfrag (min) 
BO(6-5) 120 ± 10 142 
BO(8-7) 200 ± 75 243 
BO(10-9) 695 ± 90 702 
BO(25-22) 1760 ± 170 1489 
BO(27-27) 2270 ± 250 2093 
BO(53-46) 4780 ± 360 -




dispersity and exponent by DLS shown in Table 5.2 for BO(53-46) are likely due to the 
fact that this sample is prepared using the same dissolution time as the lower M samples, 
whereas the micellization process might be much slower for the highest M. Due to this 
uncertainty, the fragmentation kinetics were determined only for the other five M. In 
general, values of frag obtained from DLS and SAXS agree remarkably well.  
 
M dependence of fragmentation time. 
Comparing theory and experiment 
As noted above, the fragmentation kinetics for PB-PEO in [C2mim][TFSI] depend 
strongly on M. Figure 5.9 shows the values of τfrag obtained from fitting the normalized 
change in micelle size to Equation 2.18 as a function of the total degree of polymerization; 
the results from DLS and SAXS are very consistent. The fit to a power law gives the scaling 
τfrag ~ Ntotal1.8 ± 0.1. As discussed in Section 1.3.2, Dormidontova proposed a scaling model 
for micelle fusion kinetics, and further assumed that fragmentation would proceed as the 
reverse of micelle fusion, and thus the N scaling would be the same for both processes.97 
For micelles with large aggregation numbers (Q) with respect to their equilibrium size, 
Dormidontova defined a characteristic time for corona deformation (τdef) as the inverse 
translational diffusion constant for chains, where VB is the molar volume per monomer unit 
in the corona.97 
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Figure 5.9: Dependence of the fragmentation time constants (τfrag) determined by T-jump 
DLS (red circles) and TR-SAXS (blue triangles) on (a) Ntotal and (b) Q0. From this plot, the 
scaling of τfrag with Q0 is nearly identical to the Ntotal dependence. 
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Assuming the fragmenting micelle is large, Dormidontova’s theory proposes that τfrag 
~ Ncorona1.8 at constant Q, as shown in Equation 5.1. It should be noted that for very large 
aggregation numbers, such as the ones obtained for the as-prepared micelles, there is at 
most a small M dependence to Q. The Q dependence of τfrag is shown in the Figure 5.9b, 
where τfrag ~ Q01.7 ± 0.1. The agreement between the scaling of τfrag with Ncorona and Q0 implies 
that the strong Q dependence from Equation 5.1 does not reflect our experimental results, 
and this is consistent with the assumption that Q does not depend strongly on Ntotal for very 
large Q. 
 The results are apparently in excellent agreement with the theory. However, some 
caution is warranted. First, the theory does not anticipate the compressed exponential form 
in Equation 2.18, so there is clearly an aspect of the fragmentation mechanism that is not 
yet fully appreciated. Second, the separate effects of Ncore and Ncorona on the experimental 
fragmentation times cannot be assessed individually because the volume fraction of PEO 
in this work has been constant. Thus, the experimental scaling represents the dependence 
of the fragmentation time on the total degree of polymerization, which may not coincide 
with the dependence on Ncorona. However, it does seem physically reasonable that the 
corona blocks play a much larger role in the process than the core blocks.  
Further comparison of this model to the experimental results requires discussion of the 
time constants from the model and from estimates of corona dynamics. Here, we use 
Dormidontova’s theory for fragmentation to estimate the corona deformation time. We 
then compare these values to rough estimates based on reptation theory; the two answers 




differ by many orders of magnitude. In Dormidontova’s model, following micelle core 
extension and necking, corona chains must reptate a certain distance R0 to form two distinct 
micelles. The corona separation involves the reorganization of the “inner” corona regions 
for the fragmenting micelle, which constitutes a decrease in solvent concentration and a 
redistribution of corona block monomers among the blobs, as well as an increase in blob 
size.  
The corona chain deformation was estimated using the analogy between the motion of 
the chain of blobs inside a sphere of radius R0 and the rotational motion of rod-like polymer 
chains in semidilute solutions.187 The process is described by two parts: 1) the rotation 
inside of the original tube of blobs where the corona chain conformation is described as a 
radially oriented chain of blobs increasing in size as the distance from the core increases,42 
as shown in Figure 1.2, and 2) the tube relaxation. The angle which the polymer chains can 






1/3  (5.2) 
where ξ is the blob size at a distance R0 from the core and Lcorona is the corona thickness. 
The blob size is calculated according to ξ = (cV)‒3/4V1/3. The characteristic time for corona 
chain disentanglement τB plays a role in the tube relaxation time, which is defined by 
Equation 5.3. 
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The characteristic time for corona separation, given by Equation 5.1, for large is estimated 
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Resulting values of def are collected in Table 5.4. Cleary these estimates are unrealistically 
large, and orders of magnitude greater than the experimental times 
Table 5.4: Estimates at T = 170 ºC of the corona chain disentanglement time (τdef) 
calculated according to Equation 5.4 where τe = 10 ns and the longest relaxation time by 




τdef (s) τrep (s) τarm (s) τrep,3Me (s) τarm,3Me (s) 
BO(6-5) 118 11 7.1 × 106 3.4 × 10‒7 8.9 × 10‒6 1.3 × 10‒8 3.8 × 10‒8 
BO(8-7) 173 22 1.5 × 107 1.1 × 10‒6 1.3 × 10‒4 4.0 × 10‒8 2.0 × 10‒7 
BO(10-9) 213 29 7.8 × 107 2.0 × 10‒6 7.2 × 10‒4 7.5 × 10‒8 5.3 × 10‒7 
BO(25-22) 502 25 3.7 × 109 2.7 × 10‒5 2.7 × 101 9.8 × 10‒7 9.9 × 10‒5 
BO(27-27) 624 33 1.1 × 1010 5.1 × 10‒5 1.5 × 103 1.9 × 10‒6 5.8 × 10‒4 
BO(53-46) 1038 43 3.1 × 1010 2.3 × 10‒4 6.2 × 108 8.7 × 10‒6 1.2 × 10‒1 




The longest relaxation time for a linear chain can be estimated according to the 
reptation model by Equation 5.5, 










where Ne = Me/M0 is the number of monomers per entanglement, the entanglement molar 
mass (Me) for PEO is 1.6 kg mol–1, and the statistical segment length of PEO is b = 6.0 
Å.135 The entanglement time for PEO at 25 ºC in the melt, e, was reported previously by 
Niedzwiedz et al. as 10 ns.188 Values of rep from Equation 5.5 are also presented in Table 
5.4. In reality, the corona chains are solvated, which might change the friction compared 
to the melt, and are relaxing at elevated temperature, but these factors will not alter the 
conclusion. More importantly, corona chains are tethered at one end, making the situation 
more analogous to a star polymer. In such a case, the relaxation time would be increased 
by a factor of approximately exp(M/Me). This gives the quantity arm in Table 5.4. However, 
because of dilution, Me would be increased with respect to the melt. If we simply assume 
the concentration is about 33% in a compressed corona, then Me would be increased by a 
factor of 3. These leads to the two final estimates in the table. The robust conclusion from 
this crude analysis is that the PEO corona chain dynamics alone cannot account for the 
magnitude of the fragmentation times we observe. 
 
 




Dependence of fragmentation time on N 
To rationalize the dependence of the fragmentation kinetics on N, one must consider 
the transition state and activation barrier of this process. Previous work from Chapter 3 on 
this system revealed that the fragmentation kinetics were unaffected by changes in the 
solvent selectivity towards the core-forming block,91 thus indicating independence of 
interfacial tension. In Chapter 4, the presumed “peanut” shaped transition state was imaged 
by high-temperature LP-TEM. Accordingly, we propose that severe corona crowding in 
the transition state is the primary barrier to fragmentation. When considering the free 
energy of polymer chains in a block copolymer micelle at equilibrium, the interfacial free 
energy and the free energy of chains in the corona contribute more to the total free energy 
of the micelle compared to the free energy of chains in the core, but in this case the core 
blocks are very stretched meaning the core block likely contributes somewhat to the overall 
free energy.36,37,189 We calculate the free energy of PB-PEO micelles as prepared by DD, 
after annealing at 170 ºC, and for the proposed “peanut-shaped” transition state, shown in 
Figure 5.10 for BO(53-46) micelles, and which was observed in Chapter 4 for PB-PEO in 
[C2mim][TFSI] by high-temperature liquid phase transmission electron microscopy.92  





Figure 5.10: High-temperature liquid-phase transmission electron micrograph obtained at 
170 °C (tanneal = 500 min) of 0.25 wt % BO(53-46) in [C2mim][TFSI]. a) The proposed 
near-transition state (yellow and blue arrows) observed is consistent with the “peanut” 
shaped micelle cores observed in Chapter 4 for BO(8-7), BO(25-22), and BO(27-27) in 
[C2mim][TFSI].92 b) Dimensions of “peanut” shaped micelle (blue arrow in Figure 5.10a) 
where the core radius of each spherical cap is 〈Rcore〉f ≈ 50 nm. 
 
A schematic illustration of the transition state is shown in Figure 5.11. The total free 
energy of a spherical block copolymer micelle in solution (Fmic) was well described by 
Zhulina et al.,36 and is given by the sum of the free energy contribution from the core chains 
(Fcore), the free energy of the corona chains (Fcorona), and the interfacial energy (Fint). 
Therefore, the free energy can be estimated for the as-prepared and steady state micelles. 
More details on this calculation are provided in the Appendix, and were previously reported 
by Zhulina et al.36 Because the transition state morphology is “peanut-shaped” the 
transition state free energy cannot be treated in the same manner as the spherical micelles 
before and after fragmentation.  
a) b) 
D1 = 86 nm 
D2 = 85 nm 





Figure 5.11: Schematic illustration of the “peanut” shaped transition state based on 
previous direct observation via high-temperature liquid-phase TEM and Figure 5.10.92 The 
dashed circle indicates the location of the neck region in the transition state where ~1/6 of 
corona chains overlap. The outer ends of each sphere in the micelle are the spherical region 
of the corona. Because 1/6 of the chains are overlapped in the neck region where nblob,neck 
= 2nblob,0 the total number of blobs in the transition state is nblob,TS = 5nblob,0/6 + nblob,0/3 and 
the free energy of the corona in the transition state is given by Fcorona,TS/kT = (5/6) 
Fcorona,0/kT + (1/3)F
corona,0
/kT. This calculation is described in more detail in the text. 
 
To calculate the corona free energy in the transition state, the fraction of corona chains 
overlapped in the neck region indicated in Figure 5.11 must be estimated. The transition 
state is represented schematically in Figure 5.11, and the regions of the peanut-shaped 
transition state used in discussion of this calculation are labeled in the figure. We propose 
that the increase in the local concentration of corona chains near the neck point, i.e., the 
increase in the number of blobs per corona chain nblob, in the formation of the transition 
state is the primary barrier to fragmentation. To estimate the degree of corona crowding in 
the transition state first, we estimate the fraction of corona overlap in the transition state, 

























region using the theory from Zhulina, et al.36 To estimate the fraction of corona chain 
overlap (foverlap) in the transition state (the neck region of Figure 5.11) we simplify the 
geometry of the transition state by using two steady state micelles that are overlapping to 
the point where the cores are touching, as shown in Figure 5.12, and calculate the area of 
corona overlap within the triangle of the figure.  
 
Figure 5.12: Illustration of two spherical steady state micelles used to estimate the fraction 
of overlapping chains in the “peanut” shaped transition state. 
 
In this case, the base of the triangle b = 2⟨Rcore⟩f, the sides of the triangle are both 
described as s = ⟨Rcore⟩f(1 + Lcorona/⟨Rcore⟩f), the two angles opposite of the triangle sides are 
α, and the angle opposite to the base of the triangle is β. The area of the entire triangle, Atri 
is defined by: 
Atri = 2〈Rcore〉f tan α 
 
(5.6) 
where α is determined from the law of cosines. 




 α = cos-1 [
〈Rcore〉f
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The area of the core regions (Asec) within Atri are subtracted from Atri. These are determined 







Then, the overlap area is given by Aoverlap = Atri ‒ 2Asec. To estimate the fraction of corona 
chain overlap the total area of the corona is calculated as Acorona = π⟨Rh⟩f2, and the overlap 
fraction is given by Equation 5.9. 
 f
overlap
 = 2 (
Aoverlap
Acorona ‒ Asec
)  = 0.16 (5.9) 
Using this simplified model for the transition state, illustrated in Figure 5.12, to 
determine the area of corona overlap in the transition state results in foverlap = 1/6 for all 
molar masses. The simplified model from Figure 5.12 was also adapted to calculate the 
overlap fraction of spherical micelles in three dimensions, which also gave an overlap 
fraction of 1/6 for all molar masses.  Then, the concentration of PEO chains in the neck 
region of the transition state is determined by estimating the number of blobs per corona 
chain. In the neck region, the number of blobs per chain is expected to be approximately 
twice the number of blobs per chain in the as-prepared micelles (nblob,neck = 2nblob,sphere = 




2Fcorona,0/kBT), whereas the outer spherical regions would have nblob,sphere = Fcorona,0/kBT, 
where the free energy is calculated using the as-prepared size of the micelle as discussed 
in the Appendix.  
It is not immediately clear whether the number of blobs per chain is approximately two, 
three, or more times larger than the number of blobs per chain in the as-prepared micelles. 
Therefore, the values of nblob,neck were also approximated as exactly equal to, two times, 
and three times larger than nblob,sphere as shown in Table 5.5.  
Table 5.5: Estimates of the free energies of the corona in the transition state, using nblob,neck 
= nblob,sphere (Fcorona,TS(1)/kBT), nblob,neck = 2nblob,sphere (Fcorona,TS(2)/kBT), and nblob,neck = 
3nblob,sphere (Fcorona,TS(3)/kBT). Fcorona/kBT in the transition state was calculated using the 
dimensions for as-prepared micelles. 
BO(x-y) (6-5) (8-7) (10-9) (25-22) (27-27) (53-46) 
Fcorona,TS(1)/kBT 3.8 4.2 4.7 11 12 16 
Fcorona,TS(2)/kBT 4.4 5.0 5.5 13 14 19 
Fcorona,TS(3)/kBT 5.0 5.7 6.3 14 16 21 
 
The values in Table 5.5 were calculated using nblob,neck = nblob,sphere, the total corona free 
energy in the transition state is calculated as Fcorona,TS/kBT = Fcorona,0/kBT, these values are 
denoted as Fcorona,TS(1)/kBT. Using nblob,neck = 2nblob,sphere, the total corona free energy in the 




transition state is calculated as Fcorona,TS/kBT = (5/6)Fcorona,0/kBT + (1/3)Fcorona,0/kBT, and is 
denoted as Fcorona,TS(2)/kBT in Table 5.5. Finally, Fcorona,TS(3)/kBT in Table 5.5 is calculated 
using nblob,neck = 3nblob,sphere. In this case, the total corona free energy in the transition state 
is calculated as Fcorona,TS/kBT = (5/6)Fcorona,0/kBT + (1/2)Fcorona,0/kBT. 
The transition state free energy for the core and the interface was calculated using the 
steady state micelle dimensions. For the remainder of this discussion, the transition state 
corona free energy was calculated as Fcorona,TS(2)/kBT from Table 5.5, where nblob,neck = 
2nblob,sphere = 2Fcorona,0/kBT. These values, along with Fcore and Fint, are summarized in Table 
5.6 for micelles prepared by DD, the transition state, and the steady state. From Table 5.6, 
the average nblob is 16 for BO(53-46) before a T-jump to 170 °C. Assuming that the number 
of blobs in the neck point is double the calculated nblob,0 shown in Table 5.6, approximately 
1/6 of the corona chains experience corona crowding where there are approximately 32 
blobs per chain near the neck, whereas nblob is 16 for chains in the spherical region of the 
micelle indicated in Figure 5.11. The fraction of corona chain overlap was determined to 
be 1/6 for all molar masses by Equation 5.9, and thus assuming nblob at the neck point is 
twice that of the spherical regions gives nblob of 8, 9, 10, 21, 24, and 32 for BO(6-5), BO 
(8-7), BO(10-9), BO(25-22), BO(27-27), and BO(53-46). If the local concentration of 
corona chains at the neck point was three times that of nblob,sphere, as shown in Table 5.5, 
then this free energy is even larger. 
 




Table 5.6: Estimates of the Fcore, Fcorona, Fint, and Ftot before and after fragmentation, and 
the transition state, using normalized interfacial energy γ = 0.1. Fcorona/kBT in the transition 
state was calculated using the dimensions for as-prepared micelles. 
As Prepared by DD (F0/kT) 
BO(x-y) (6-5) (8-7) (10-9) (25-22) (27-27) (53-46) 
Fcore/kBT 2.1 1.8 2.1 3.4 4.0 3.4 
Fint/kBT 1.0 1.2 1.2 1.4 1.4 2.1 
Fcorona/kBT 3.8 4.2 4.7 11 12 16 
Ftot/kBT 6.8 7.3 8.0 16 17 22 
Transition State (FTS/kT) 
Fcore/kBT 1.3 1.1 1.6 2.1 2.3 2.0 
Fint/kBT 1.2 1.5 1.3 1.8 1.8 2.8 
Fcorona/kBT 4.4 5.0 5.5 13 14 19 
Ftot/kBT 6.9 7.6 8.4 17 18 24 
Steady-state (Ff/kT) 
Fcore/kBT 1.3 1.1 1.6 2.1 2.3 2.0 
Fint/kBT 1.2 1.5 1.3 1.8 1.8 2.8 
Fcorona/kBT 2.8 3.1 4.3 7.1 8.4 9.2 
Ftot/kBT 5.3 5.8 7.2 11 13 14 
 




This large increase in the local concentration of PEO chains in the neck region of the 
transition state supports the strong M dependence of micelle fragmentation kinetics. 
Because the confinement free energy of corona chains is directly proportional to nblob, the 
chains near the neck point become much more confined and the entropic penalty associated 
with this chain confinement contributes to this being the primary activation barrier to 
fragmentation. Although these estimates are encouraging, we emphasize that the 
uncertainties in estimating the transition state free energy are quite large, and the 
differences in the calculated free energies for the spherical and “peanut” shaped micelles 
are only ~5 – 10kBT. Given that the aggregation numbers are huge and the barrier is known 
to be of order 30-40 kBT,90,91 the estimated barriers per chain are small fractions of  kBT, 
and therefore beyond the resolution of this calculation. 
 
M dependence of initial micelle size by direct dissolution. 
To understand the N dependence of the initial core size for micelles prepared by DD, 
SAXS measurements on the pure PB-PEO diblock copolymers were conducted. The 1D 
scattering intensity traces for these samples are shown in Figure 5.13. It has been suggested 
that the morphology of micelles prepared by direct dissolution depends on the morphology 
of the bulk diblock copolymer.90,128 The scattering data confirms that BO(6-5), BO(8-7), 
BO(10-9), BO(25-22), and BO(27-27) exhibit a lamellar morphology at 70 °C, which is 
the temperature used for preparing micelle solutions by direct dissolution. The domain size 
of the PB lamellae was estimated from the q-position of the primary scattering peak (d = 




2π/q*) and the known volume fraction of PB. The domain sizes were found to be 
approximately 16, 17, 19, 47, and 54 nm for BO(6-5), BO(8-7), BO(10-9), BO(25-22), and 
BO(27-27), respectively.  
 
Figure 5.13: SAXS intensity (logarithmic scale) versus q of bulk PB-PEO diblocks after 
annealing at 70 °C for 15 min. The vertical lines indicate the center of each primary 
scattering peak and the q values of each line are indicated above. From the peak indexing, 
BO(6-5), BO(8-7), BO(10-9), BO(25-22), and BO(27-27) diblocks exhibit a lamellar 
morphology at the temperature used for direct dissolution. For BO(53-46), the broad nature 
of the peaks makes identifying a morphology difficult, but an approximate domain size is 
estimated by the primary scattering peak position.  
 
Interestingly, the domain sizes obtained from SAXS of the bulk polymers are 
comparable to the initial micelle core size. This dependence is represented in Figure 5.14 
as a plot of ⟨Rcore⟩0 vs. dPB. From this figure, the direct relationship between the domain 
size of the bulk copolymer and the initial micelle core radius is apparent. This result is also 


































consistent with that of Chapter 3 for BO(8-6) in [Cxmim][TFSI] ILs.90,91 It should be noted 
that a linear dependence should not necessarily be expected. The dependence begins to 
weaken slightly at higher M, as evidenced by the slight downward curvature of ⟨Rcore⟩ for 
the two largest polymers. The dependence of ⟨Rcore⟩0 on dPB follows the strong segregation 
limit scaling of 2/3,39 as shown in Figure 5.14, while the apparent equilibrium scaling of 
⟨Rcore⟩ with Ncore for the initial micelles has an exponent closer to 3/5, as shown in Figure 
5.3. These slightly different dependences could account for the curvature evident in Figure 
5.14. 
 
Figure 5.14: Dependence of ⟨Rcore⟩0 (nm) on the PB domain size (dPB) indicating a direct 
relationship between ⟨Rcore⟩0 for micelles prepared by DD and the PB domain size of the 
bulk diblock copolymer. The solid red line represents the best linear fit to ⟨Rcore⟩0 as a 
function of dPB, and the dotted black line represents y = x. The error bars in ⟨Rcore⟩0 represent 
± σcore from Table 5.1, and 10% error in dPB is assumed. 
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Figure 5.15 shows the relationship of dPB as a function of Ncore for the domain size 
determined experimentally by SAXS, and the estimated domain spacing calculated from 
self-consistent field theory (SCFT); the experimental domain size of the PB lamellae agrees 
well with SCFT. We therefore speculate that during direct dissolution the solvent 
penetrates the PEO domains, peeling apart layers of PEO-decorated PB layers. Some 
surface instabilities in these separate layers drive a pinching-off process to give large, 
disperse spherical aggregates in solution. This behavior is broadly analogous to a Rayleigh 
instability, and has been referenced in computations of surfactant-based micelles,178 and 
experimentally in cylinder-to-sphere transitions110,181,190–193 in block copolymer micelles.  
 
Figure 5.15: Comparison of the domain size of PB determined by SAXS (dPB,SAXS) and the 
estimated domain size for a lamellar diblock copolymer using self-consistent field theory 
(dPB,SCFT). 
 
In experimental works on the cylinder-to-sphere transitions in block copolymer 
micelles, it is concluded that the surface-instability-mediated transitions induce pinching 





















of immature spherical micelles, followed by rapid chain exchange.110 Based on the lack of 
chain exchange in PB-PEO/[C2mim][TFSI] systems reported previously,90 the direct 
dissolution mechanism is related to this process, but not identical. Furthermore, even 
accounting for the molar mass difference, our system undergoes fragmentation about three 
orders of magnitude more slowly than the PEP-PEO cylindrical micelles, implying a very 
small barrier in the latter case.  
Another possibly surprising result of the dependence of ⟨Rcore⟩0 on dPB is that the 
micelles prepared by direct dissolution have a core radius that is approximately equal to 
the full PB domain size, rather than dPB/2. The interfacial tension in the swollen state is 
clearly greater than in the dry copolymer, so an increase in core chain stretching is certainly 
expected. Moreover, the degree of interdigitation of the PB chains in the dry lamellae can 
affect this picture of the dissolution mechanism. In the dry state, the degree of stretching 
of PB (sPB) can be estimated from two limits: the first assumes no interdigitation of chains, 
where sPB,1 = dPB/〈h
2〉0
1/2; the second method assumes full interdigitation of chains, where 
sPB,2 = dPB/2〈h
2〉0
1/2. Calculating the degree of stretching for BO(8-7) by these two methods 
gives sPB,1 = 1.1 and sPB,2 = 2.2, respectively. These may be compared to the degree of 
stretching of chains in the micelle core from Table 5.1, score = 2.5. This result implies some 
significant degree of interdigitation in the bulk state. It is worth noting that the degree of 
chain stretching, and therefore interdigitation in the bulk state, is highly dependent on the 
solvent selectivity. As shown previously in Table 3.3, changing the length of the IL alkyl 




chain changes results in some variation in micelle size prepared by DD, and therefore the 
degree of chain stretching is expected to decrease as the IL alkyl chain length increases.  
 
5.4 – Summary 
In this chapter, the effect of polymer molar mass on micelle fragmentation kinetics was 
studied for the first time, using six molar masses of PB-PEO with a near constant volume 
fraction of PEO (fPEO ≈ 0.40) in the ionic liquid [C2mim][TFSI]. Disperse micelles prepared 
by direct dissolution in [C2mim][TFSI] were found to be larger than the equilibrium size, 
and all micelles decreased in size, in terms of both ⟨Rh⟩ and ⟨Rcore⟩, when subjected to high 
temperature annealing. The decrease in micelle size while annealing at 170 ºC was 
monitored by T-jump DLS and TR-SAXS, and it was concluded that PB-PEO micelles 
equilibrate by fragmentation. The final aggregation number was approximately half of the 
original aggregation number prior to a T-jump. The decay in ⟨Rh⟩ and ⟨Rcore⟩ was 
consistently well described by a compressed exponential with an exponent of 2; the origin 
of this functional form remains to be elucidated. The characteristic fragmentation times 
determined by fitting the normalized change in micelle size to this equation was found to 
depend strongly on the molar mass of the block copolymer, where τfrag ~ Ntotal
1.8 ± 0.1. A 
previous model of micelle fragmentation by Dormidontova predicts a similar scaling, albeit 
in terms of Ncorona. Future measurements on a series of polymers with constant Ncore will be 
required to assess whether this apparent agreement is robust. The core size of the initial 




micelles was shown to correlate closely with the PB domain dimensions in the precursor 
dry, lamellar copolymer, suggesting a formation mechanism involving peeling apart of 






Chapter 6 – Fragmentation of hybrid 
micelles 
 
6.1 – Introduction 
Micelle hybridization experiments, where mixtures of different micelles are prepared 
and their formation/relaxation is monitored, have been of interest for some time.22,194–198 In 
many applications, the formulation of BCP micelles rarely involves the use of well-
controlled polymerization techniques to give narrow dispersity block copolymers, so the 
relaxation of hybrid micelles is of interest from an applications perspective. Early micelle 
hybridization experiments were reported by Cantu and co-workers,198 who monitored the 
change in light scattering intensity upon mixing two different populations of micelles, and 
found that the equilibration time could be related to the CMC of the individual micelles. It 
was concluded that the formation time of mixed micelles is related to the chain exchange 
rates of individual micelles.  
Tian et al.196 studied the rate of micelle hybridization via sedimentation velocity, and 
determined that the rate of hybridization depends on the architecture of BCPs used and the 
thermodynamic properties of the solvent mixture. They found that hybridization of 
micelles did not occur if the solvent selectivity towards the corona-forming block was very 




strong, i.e., chain exchange was suppressed in high χ systems. Cai et al.195 investigated the 
hybridization of coil-rod copolymer micelles by SLS and DLS, and found that upon 
mixing, larger hybrid micelles formed at the expense of “pure” micelles of a single 
copolymer. They argued that the driving force for hybridization arises from the entropic 
gain in the relief of chain stretching, as well as the space-filling nature of the rod-like core-
forming block.  
Previous work by Lu, Bates, and Lodge used the copolymer blending approach to study 
chain exchange of hybrid PS-PEP micelles in squalane to gain insights into the mechanism 
of chain expulsion.22 In their work, PS-PEP diblocks with constant corona block lengths 
but different PS core block lengths were used. In this system, one molar mass of PS-PEP 
was contrast matched with the solvent, so as to specifically monitor the exchange of the 
deuterated copolymer by TR-SANS. They found that regardless of the molar mass of the 
PS block, the chain exchange time in these hybrid micelles was identical to that of the pure 
diblock copolymer micelles. This confirmed that the exchange time is dictated by the 
independent exchange of chains between micelles, and not a cooperative process such as 
micelle fragmentation/fusion.22 
Zhao et al. used a similar approach to prepare hybrid micelles of PMMA-PnBMA in 
[C2mim][TFSI] with fixed Ncorona but different lengths of Ncore.142,194 The chain exchange 
kinetics of pure PMMA-PnBMA micelles in these IL mixtures was well characterized in 
previous work, as discussed in Section 1.3.3.17,19  It was found that mixtures of micelles 
prepared from PMMA-PnBMA micelles with constant core block lengths, but different 




corona block lengths, occurs through the chain exchange between mixed micelles, as well 
as some evidence for micelle fusion/fragmentation evidenced by changes in micelle size 
with prolonged annealing times above the LCMT.194 Fragmentation and fusion of PMMA-
PnBMA micelles in IL mixtures was not previously observed for the “pure” diblock case. 
In this work, hybrid micelles are prepared by blending different molar masses of PB-
PEO prior to DD preparation in [C2mim][TFSI]. Because there is no chain exchange in this 
system, it was anticipated that hybridization would not occur if mixtures of pure micelles 
were combined after formation, which is consistent with the conclusions of Tian et al.196 
Because chain exchange is restricted in this system, the influence of molar mass dispersity 
on fragmentation kinetics of hybrid PB-PEO micelles was explored. First, the 
fragmentation kinetics of hybrid micelles comprising 50:50 blends (by weight) of PB-PEO 
were studied using T-jump DLS, ex-situ SAXS, and TEM. Then, the effect of composition 
was studied for one PB-PEO blend, namely, BO(8-7)/(10-9), using T-jump DLS to gain a 
deeper understanding of the effect of molar mass dispersity on micelle fragmentation 
kinetics.  
 
6.2 – Materials and methods 
Synthesis and Characterization. Five molar masses of PB-PEO were synthesized by two-
step sequential anionic polymerization, as described in Section 2.1.1.136 The fragmentation 
kinetics of each molar mass of PB-PEO in [C2mim][TFSI] were investigated in depth, as 




discussed in Chapter 5. Mn, Ð, and fPEO for BO(x-y) were determined by a combination of 
SEC-MALS (Wyatt Dawn Heleos II) and 1H NMR spectroscopy in CDCl3 (1H NMR, 
Varian Inova 500) shown in Figures 2.2 and 2.3, respectively. The dn/dc for the diblocks 
were estimated as the weight average of the refractive index increments for PB in THF 
(dn/dc = 0.119 mL/g) and PEO in THF (dn/dc = 0.068 mL/g).138  
PB-PEO blending method. Blends of PB-PEO diblocks were prepared by freeze-drying 
two distinct molar masses of PB-PEO with a composition of 50:50 (wt:wt). This procedure 
is described in Section 2.3.3. The molecular characteristics of the 50:50 blends are 
summarized in Table 6.1, where xL,i is the mole fraction of the long block defined by 
Equation 2.7 and NL is defined by Equation 2.8. The same freeze-drying process was used 
to make varying compositions of BO(8-7)/(10-9) blends, where the desired amount of each 
diblock was combined by weight and freeze-dried in benzene.  
Table 6.1: Average mole-fraction of long PB block (xL,PB), average mole-fraction of long 
PEO block (xL,PEO), number average degree of polymerization of long PB block NPB,L, 
and number average degree of polymerization of long PEO block NPEO,L in PB-PEO 
50:50 blends. For all blends, the weight fraction of the longer block is wL = 0.5. 
PB-PEO 50:50 Blend xL,PB xL,PEO NPB,L NPEO,L 
(6-5)/(8-7) 0.41 0.40 142 140 
(8-7)/(10-9) 0.50 0.44 174 194 
(10-9)/(25-22) 0.27 0.31 252 306 
(25-22)/(27-27) 0.48 0.45 476 556 




Solution Preparation by DD. All solutions were prepared by the direct dissolution (DD) 
method described in Section 2.3.1, unless noted otherwise.  
DLS. T-jump and multi-angle room temperature scattering measurements were performed 
according to Section 2.4.2. 
Ex-situ LP-TEM. Rcore and σcore at different time points during an annealing experiment 
were determined using LP-TEM, as described in Section 2.6.1. 
Ex-situ SAXS. SAXS experiments were conducted according to ex-situ SAXS described 
in Section 2.5.2. 
 
6.3 – Results and discussion 
REPES results from Figure 6.1a show that the 50:50 blends form well-defined hybrid 
micelles with an Rh0 that is intermediate between the average values in the pure micelle 
case. This result suggests that the freeze-drying process gives well-mixed PB-PEO chains, 
which are distributed randomly throughout micelles prepared by DD in [C2mim][TFSI]. 
From Figure 6.1a, Rh0 increases with increasing N, which is consistent with the observed 
N dependence of Rh0 reported in Chapter 5 for pure PB-PEO micelles. After annealing at 
170 °C, Rhf decreases, indicative of micelle fragmentation. BO(8-7)/(10-9) micelles give 
results that are distinct from other PB-PEO blends, where Rhf does not increase 
monotonically with increasing N. However, there is a clear decrease in Rh after 




annealing at 170 °C for all hybrid micelles, as shown in Table 6.2, which strongly implies 
that fragmentation occurs in the hybrid micelle system. Again, the monomodal Rh 
distribution obtained before and after annealing at 170 °C indicates that the micelles formed 
by PB-PEO blends contain both molar masses of PB-PEO used to prepare hybrid micelles, 
and not individual populations of each molar mass.  
 
 
Table 6.2:  Rh by multi-angle DLS at 27 °C before and after annealing at 170 °C, for 
0.25 wt % PB-PEO pure and hybrid micelles in [C2mim][TFSI]. Rh is reported from 
fitting multi-angle DLS data to the second cumulant expansion, as described in Section 
2.4.2.  
BO(x-y) Rh0 (nm) μ2/Γ20 Rhf (nm) μ2/Γ2f 
 (6-5) 29 0.08 20 0.05 
 (8-7) 42 0.25 27 0.05 
 (10-9) 51 0.23 34 0.04 
 (25-22) 70 0.09 58 0.07 
 (27-27) 83 0.17 62 0.09 
PB-PEO 
(50:50) blend 
Rh0 (nm) μ2/Γ20 Rhf (nm) μ2/Γ2f 
(6-5)/(8-7) 37.1 0.14 29.4 0.01 
(8-7)/(10-9) 52.4 0.19 27.5 0.10 
(10-9)/(25-22) 59.7 0.23 45.4 0.12 
(25-22)/(27-27) 81.1 0.18 71.1 0.01 






Figure 6.1: REPES results for 0.25 wt % PB-PEO hybrid micelles in [C2mim][TFSI] (a) 
as prepared by DD and (b) steady-state after annealing at 170 °C. Measurements were 
conducted at T = 27 °C and θ = 90°. All blends had a composition of 50:50 (wt:wt) for each 
molar mass of PB-PEO. 
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 Further confirmation that blends of PB-PEO resulted in well-distributed chains was 
obtained by SAXS of the bulk PB-PEO molar mass blends. A single domain size is 
observed for 50:50 PB-PEO blends, as shown in Figure 6.2. From the scattering data, all 
50:50 blends exhibit one primary scattering peak with higher order reflections consistent 
with a lamellar morphology. This is expected as the molar mass blends were prepared via 
freeze-drying, which commonly results in well mixed samples.199 The domain spacings for 
PB-PEO diblocks and PB-PEO blends are summarized in Table 6.3. 
 
Figure 6.2: SAXS intensity (logarithmic scale) versus q of bulk PB-PEO molar mass 
blends after annealing at 70 °C for 15 min. The vertical lines indicate the center of each 
primary scattering peak and the q values of each line are indicated above. From the peak 
indexing, BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and BO(25-22)/(27-27) 
diblocks exhibit a single lamellar morphology at the temperature used for DD solution 
preparation. For BO(25-22)/(27-27), the maximum of the primary scattering peak saturated 
the X-ray detector, which is the cause for the truncated primary scattering peak. 
 


















































The change in Rcore before and after annealing at 170 °C was investigated by ex-situ 
LP-TEM and SAXS. LP-TEM images of 50:50 hybrid micelles are shown in Figures 6.3 – 
6.6. From image analysis, a decrease in Rcore for hybrid micelles of 3.6, 2.3, 8.2, and 8.1 
nm for BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and BO(25-22)/(27-27), 
respectively, was observed. From the aggregation numbers in Table 6.4, the ratio of Qf/Q0 
is 0.46, 0.59, 0.62, and 0.76 for BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and 
Table 6.3: Domain spacing from SAXS of BO(x-y) diblock copolymers and  PB-PEO 
50:50 blends. The domain size was calculated from the primary scattering peak as d = 
2π/q*. 
BO(x-y) q* (Å-1) d (nm) dPB (nm) dPEO (nm) 
(6-5) 0.023 27.3 16.4 10.9 
(8-7) 0.022 28.6 17.2 11.4 
(10-9) 0.020 31.4 18.8 12.6 
(25-22) 0.008 78.5 47.1 31.4 
(27-27) 0.007 89.8 53.9 35.9 
PB-PEO 
(50:50) blend 
q* (Å-1) d (nm) dPB (nm) dPEO (nm) 
(6-5)/(8-7) 0.023 27.3 16.4 10.9 
(8-7)/(10-9) 0.023 27.3 16.4 10.9 
(10-9)/(25-22) 0.018 34.9 20.9 14.0 
(25-22)/(27-27) 0.008 78.5 47.1 31.4 




BO(25-22)/(27-27), respectively. The decrease in Rcore and the ratio of Qf/Q0 is consistent 
with the conclusions from Chapter 3 that ex-situ LP-TEM imaging provides evidence that 
fragmentation occurs in the hybrid PB-PEO micelles.  
 
Figure 6.3: LP-TEM images of 0.25 wt % BO(6-5)/(8-7) hybrid micelles in 
[C2mim][TFSI] a) before and b) after annealing at 170 °C. From image analysis, Rcore0 = 
17.8 ± 3.8 nm and Rcoref = 14.2 ± 1.6 nm. 
 
Figure 6.4: LP-TEM images of 0.25 wt % BO(8-7)/(10-9) hybrid micelles in 
[C2mim][TFSI] a) before and b) after annealing at 170 °C. From image analysis, Rcore0 = 
15.8 ± 2.0 nm and Rcoref = 13.5 ± 0.9 nm. 
a) b) 
a) b) 






Figure 6.5: LP-TEM images of 0.25 wt % BO(10-9)/(25-22) hybrid micelles in 
[C2mim][TFSI] a) before and b) after annealing at 170 °C. From image analysis, Rcore0 = 
27.3 ± 3.1 nm and Rcoref = 19.1 ± 2.8 nm. 
 
 
Figure 6.6: LP-TEM images of 0.25 wt % BO(25-22)/(27-27) hybrid micelles in 
[C2mim][TFSI] a) before and b) after annealing at 170 °C. From image analysis, Rcore0 = 








 Ex-situ SAXS shows a similar decrease in Rcore as a function of annealing time that is 
consistent with LP-TEM image analysis. The scattering intensities as a function of q for 
0.25 wt % 50:50 hybrid micelles of BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and 
BO(25-22)/(27-27) in [C2mim][TFSI] are shown in Figure 6.7.  
 
Figure 6.7: Structural evolution of 0.25 wt % PB-PEO hybrid micelles of (a) BO(6-5)/(8-
7), (b) BO(8-7)/(10-9), (c) BO(10-9)/(25-22), and (d) BO(25-22)/(27-27) in 
[C2mim][TFSI] for while annealing at 170 °C by ex-situ SAXS. Scattering curves were fit 
to the Pedersen model (solid black lines). The curves are shifted vertically for clarity. 
BO(10-9)/(25-22) BO(25-22)/(27-27) 

























































































































Measurements were acquired at room temperature after quenching each sample in a water 
bath. 
 
The spherical micelle form factor is observed for all annealing time points, and Rcore 
decreases while annealing at 170 °C, as evidenced by the increase in the q-position of the 
first minimum in the form factor. The scattering curves are well-described by the block 
copolymer micelle form factor,153 as described in Section 2.5.1, and from the fit detailed 
structural information about the micelles is obtained at each time point.  
Micelle core dimensions and aggregation numbers before and after annealing at 170 °C 
are summarized in Table 6.4. From ex-situ SAXS, hybrid micelles prepared by DD in 
[C2mim][TFSI] were found to have an average core radii of Rcore0 = 19.1, 18.0, 26.5, and 
48.1 nm for BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and BO(25-22)/(27-27) 
hybrid micelles, respectively. After fragmentation at 170 °C, ex-situ SAXS was used to 
determine the steady-state core radii of Rcoref = 14.7, 15.0, 22.5, and 42.0 nm for BO(6-










Table 6.4: Rcore and τfrag determined by ex-situ SAXS during an annealing experiment 
at 170 °C for 0.25 wt % PB-PEO hybrid micelles in [C2mim][TFSI]. The relaxation times 
were determined by Equation 2.18. Rcore and σcore were determined from fitting the 
scattering data shown in Figure 6.7 to the Pedersen model described in Section 2.5.2.  
(50:50) blend (6-5)/(8-7) (8-7)/(10-9) (10-9)/(25-22) (25-22)/(27-27) 
Rcore0 (nm) 19.1 18.0 26.5 48.1 
σcore,0 (nm) 0.7 0.8 2.2 4.2 
Lcorona,0 (nm) 18.0 34.5 33.2 34.0 
Q0 1920 1310 2360 8800 
Rcoref (nm) 14.7 15.0 22.5 42.0 
σcore,f (nm) 0.5 0.4 2.0 3.0 
Lcorona,f (nm) 14.7 18.3 22.8 28.1 
Qf 880 770 1470 6700 
τfrag (min) 79 90 193 230 
n 1.5 2.7 2.5 2.2 
 
The fragmentation kinetics for 0.25 wt % PB-PEO hybrid micelles in [C2mim][TFSI] 
were monitored by high-temperature DLS and ex-situ SAXS, as shown in Figures 6.8a and 
6.8b, respectively. The time-dependent normalized Rh at 170 °C for 50:50 PB-PEO hybrid 




micelles are shown in Figure 6.8a, where Rh from DLS was normalized according to 
Equation 2.17, and the relaxation was well described by the compressed exponential shown 
in Equation 2.18 where n was used as a fitting parameter in addition to τfrag. The fitting 
results are summarized in Table 6.4 and 6.5 for ex-situ SAXS and high temperature DLS, 
respectively. A comparison of the values of τfrag between the two techniques shows that the 
fragmentation times agree reasonably between SAXS and DLS; however, the compression 
exponent n differs between the two techniques. Fitting the normalized change in Rcore 
from ex-situ SAXS to Equation 2.18 gives n = 2.2 ± 0.5, whereas n = 1.4 ± 0.5 when 
fitting the normalized change in Rh to Equation 2.18. The higher temporal resolution in  
DLS when compared to ex-situ SAXS may be the cause for the discrepancies in n. 
Table 6.5: τfrag determined by T-jump DLS at 170 °C for 0.25 wt % PB-PEO hybrid 
micelles in [C2mim][TFSI]. The relaxation times were determined by Equation 2.18.  
PB-PEO 
(50:50) blend 
(6-5)/(8-7) (8-7)/(10-9) (10-9)/(25-22) (25-22)/(27-27) 
τfrag (min) 100 ± 23 37 ± 11 190 ± 33 240 ± 83 
n 1.5 2.0 1.0 1.0 




   
Figure 6.8: a) Time-dependent normalized ⟨Rh⟩ for 0.25 wt % solutions of PB-PEO hybrid 
micelles in [C2mim][TFSI]. DLS measurements were performed at a scattering angle of 
90° and a relaxation temperature of 170 °C. b) Time-dependent normalized ⟨Rcore⟩ for 0.25 
wt % solutions of PB-PEO hybrid micelles in [C2mim][TFSI]. Solid lines represent best 
fits to Equation 2.18 with n as an adjustable parameter. 
 




































From Table 6.5, it is worth noting that all blends, expect for BO(8-7)/(10-9), exhibit 
nearly single exponential relaxation (n ≈ 1), and not the compressed exponential behavior 
observed consistently in pure PB-PEO micelles with narrow molar mass distributions. 
While the exponents from Table 6.4 seem closer to the compressed exponential relaxation, 
there are fewer time points obtained in an ex-situ experiment, and these values of n may 
not be as reliable as the ones obtained by high temperature DLS, which has higher temporal 
resolution. The change in n from high temperature DLS implies that the blending approach 
may be altering the molecular mechanism of micelle fragmentation. Additionally, it is 
apparent that the values of τfrag obtained by fitting normalized Rh to Equation 2.18 give 
fragmentation times that are significantly faster than those of pure PB-PEO micelles (Table 
5.2). Figure 6.9 demonstrates the increased rate of fragmentation for a 50:50 blend of 
BO(8-7)/(10-9) in comparison to the pure BO(8-7) and BO(10-9). For the hybrid micelle 
case, the decrease in R(t) occurs on a much faster time scale than the pure micelle case. 
Specifically, τfrag = 200, 690, and 37 min for BO(8-7), BO(10-9), and BO(8-7)/(10-9) 
micelles, respectively.  





Figure 6.9: Comparison of the time dependent normalized ⟨Rh⟩ for 0.25 wt % solutions of 
pure BO(8-7) and BO(10-9) micelles, and BO(8-7)/(10-9) hybrid micelles in 
[C2mim][TFSI]. DLS measurements were performed at a scattering angle of 90° and a 
relaxation temperature of 170 °C. Solid lines represent best fits to Equation 2.18. 
 
 Figure 6.10 compares the values of τfrag determined by DLS for neat PB-PEO micelles, 
where these values are summarized in Table 5.2, and those of the hybrid micelles. The 
blending approach significantly decreases the fragmentation times of PB-PEO micelles in 
[C2mim][TFSI]. As shown previously in Table 5.2 for 0.25 wt % PB-PEO micelles in 
[C2mim][TFSI], τfrag = 120, 200, 690, 1750, and 2300 min for BO(6-5), BO(8-7), BO(10-
9), BO(25-22), and BO(27-27) micelles, respectively, where n = 2.1 ± 0.1 from fitting T-
jump DLS data to Equation 2.18. From T-jump DLS experiments, 0.25 wt % PB-PEO 
hybrid micelles, made from 50:50 mixtures of two molar masses, give τfrag = 100, 37, 190, 
and 240 min for BO(6-5)/(8-7), BO(8-7)/(10-9), BO(10-9)/(25-22), and BO(25-22)/(27-
27) hybrid micelles, respectively, where n = 1.4 ± 0.5. Additionally, the fragmentation 



















times were found to increase with increasing N, apart from the BO(8-7)/(10-9) hybrid 
micelles. In general, the increase in τfrag with increasing N is consistent with the molar 
mass dependence observed in Chapter 5. To further examine the exception obtained for 
BO(8-7)/(10-9) hybrid micelles, the dependence of blend composition was explored by T-
jump DLS. 
 
Figure 6.10: Comparison of τfrag for pure PB-PEO micelles and hybrid PB-PEO micelles 
in [C2mim][TFSI]. 
 
 Five compositions of BO(8-7)/(10-9) blends were prepared by freeze-drying BO(8-7) 
and BO(10-9) at varying weight percentages. Specifically, the compositions of BO(8-
7)/(10-9) studied by DLS were 20:80, 40:60, 50:50, 60:40, and 80:20 (wt:wt). Figure 6.11 
shows the REPES results for BO(8-7)/(10-9) hybrid micelles with varying composition,  
before and after annealing at 170 °C. From Figure 6.11a, there is a slight composition 
dependence to Rh0 where increasing the weight fraction of BO(10-9) increases the 















average micelle radius for hybrid micelles prepared by direct dissolution. The composition 
dependence of Rhf is much weaker, where all BO(8-7)/(10-9) micelles fragment to give 
micelles with Rhf  ≈ 33.8 ± 1.1 nm.  
 
Figure 6.11: REPES results for 0.25 wt % BO(8-7)/(10-9) hybrid micelles in 
[C2mim][TFSI] with varying composition of BO(8-7) and BO(10-9): (a) as-prepared by 
DD and (b) steady-state after annealing at 170 °C. Light scattering measurements were 
conducted at T = 27 °C and θ = 90°. 
 
 Again, T-jump DLS was used to explore the composition dependence of PB-PEO 
hybrid micelle fragmentation kinetics for 0.25 wt % BO(8-7)/(10-9) in [C2mim][TFSI] at 
T = 170 °C. Figure 6.12a shows the normalized change in Rh at 170 °C for five 
compositions of BO(8-7)/(10-9). The fragmentation kinetics were well-described by 
Equation 2.18, with n as an adjustable parameter. All compositions resulted in best fits with 
n ≈ 2, apart from 80:20 (8-7)/(10-9), where n = 4.4. Due to the increased fragmentation rate 
for this sample, where τfrag = 9 min, it is likely that the time between light scattering 
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measurements must be reduced to reproduce the compression exponent of 2, thereby 
increasing the temporal resolution of the experiment.  
 
Figure 6.12: Composition dependence of fragmentation kinetics for 0.25 wt % BO(8-
7)/(10-9) hybrid micelles in [C2mim][TFSI]. a) Time-dependent normalized ⟨Rh⟩ fit to 
Equation 2.18 for 0.25 wt % BO(8-7)/(10-9) hybrid micelles in [C2mim][TFSI] with varied 
compositions of BO(8-7) and BO(10-9). b) τfrag as a function of the weight fraction of the 
longer PB-PEO diblock for BO(8-7)/(10-9) hybrid micelles. DLS measurements were 
performed at T = 170 °C and θ = 90°.  
 
 The fitting results for the composition dependence of Rh and τfrag determined by T-
jump DLS at 170 °C for 0.25 wt % BO(8-7)/(10-9) (x:y) hybrid micelles in [C2mim][TFSI] 
are summarized in Table 6.6, where T-jump DLS data from Figure 6.12a was fit to Equation 
2.18 using n as an adjustable parameter. The composition dependence of τfrag determined 
by DLS for BO(8-7)/(10-9) hybrid micelles in [C2mim][TFSI] is summarized in Figure 







































Table 6.6: Composition dependence of Rh and τfrag determined by T-jump DLS at 170 
°C for 0.25 wt % BO(8-7)/(10-9) (x:y) hybrid micelles in [C2mim][TFSI], where x and y 
are the weight percentages of BO(8-7) and BO(10-9), respectively. The relaxation times 












20:80 70.4 0.16 34.1 0.01 19 2.3 
 40:60 58.5 0.17 35.5 0.04 30 2.0 
50:50 49.6 0.19 33.3 0.11 37 ± 11 2.0 
60:40 54.5 0.21 32.9 0.02 8.3 2.0 
80:20 51.5 0.25 33.1 0.05 9.1 4.4 
 
  
From Figure 6.12b, it is apparent that the hybrid micelles fragment significantly more 
rapidly than the corresponding pure micelles. Additionally, τfrag is minimized when the 
weight fraction of the longer block is approximately 0.4 and begins to increase when wL > 
0.4. This result emphasizes that many details about the fragmentation process remain 
unknown, as our current understanding would not necessarily anticipate that the blending 
of two molar masses of PB-PEO would result in fragmentation times that are an order of 
magnitude faster than either of the pure, single component micelles.   




However, there is a precedent for hybrid micelles exhibiting unique relaxation kinetics 
when compared to the equivalent pure micelles. Zhao et al.142,194 showed that the 
hybridization of a binary mixture of PMMA-PnBMA in ILs with constant corona block 
lengths, but different core block lengths results in dramatic changes in relaxation behavior, 
where a system that primarily undergoes chain exchange for pure micelles exhibits some 
combination of chain exchange, fusion, and fragmentation in the hybrid micelle case.194 In 
the case of PMMA-PnBMA blends, the disparity in the core block length was not large, 
which favors well-mixed micelles, similar to what is observed for PB-PEO blends studied 
here, as the molar mass of each diblock in these binary blends are relatively similar. In 
Zhao and co-workers hybridization experiments, they argued that chain exchange is the 
dominant mechanism at short time scales, where the shorter chains will exchange to make 
smaller micelles even smaller, and further increase the size of larger micelles at early time 
scales in the micellization process. At longer times, the relaxation behavior was posited to 
occur by some combination of chain exchange and fragmentation/fusion, in agreement with 
predictions by Nyrkova and Semenov.194,200  
For PB-PEO hybrid micelles studied here, it is expected that the small variation in 
molar mass between the two diblocks favors well-mixed micelles as opposed to a binary 
mixture of micelles of different sizes. However, the resulting scaling of Rh and Rcore 
with degree of polymerization, shown in Figures 6.13a and 6.13b, is skewed from the 
equilibrium scaling of Rcore ~ Ncore3/5.35,37,79 Deviations from equilibrium were reported 
by Zhao et al. for hybrid micelles of PMMA-PnBMA in [C2mim][TFSI] as well, which 




was attributed to the high degree of chain stretching for shorter core blocks.142 While the 
scaling of  Rh with the total degree of polymerization of the longer diblock, NL, is 
relatively close to the equilibrium scaling for the as-prepared and steady-state micelles, it 
seems the core dimensions are more affected in this hybrid micelle system.  
 
Figure 6.13: a) Dependence of Rh on NL for 0.25 wt % PB-PEO hybrid micelles in 
[C2mim][TFSI], as-prepared by DD (black circles) and at steady-state after annealing at 
170 °C (blue triangles). The error bars represent estimated 10% measurement uncertainty. 
b) Scaling of ⟨Rcore⟩ versus Ncore,L for 0.25 wt % PB-PEO hybrid micelles in 
[C2mim][TFSI] as prepared by DD (black circles) and steady-state after annealing at 170 
°C (blue triangles). The solid lines for the as prepared and steady-state values represent the 
scaling obtained for Rcore0 ~ Ncore,L0.77 (black line) and Rcoref ~ Ncore,L0.96 (blue line). 
 
 From Figure 5.3, the pure PB-PEO micelles conform to equilibrium scaling behavior 
as discussed in Chapter 5. However, it is clear from Figure 6.13b that the core size of hybrid 
micelles deviates strongly from the predicted scaling for equilibrium micelles. This is likely 
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due to an increase in the core stretching of shorter chains within the core. The degree of 
chain stretching in the core, score, and corona, scorona, are calculated according to equations 























1/2 is the unperturbed root-mean-square end-to-end distance of the polymer 
chain, and b is the statistical segment length where bPB = 5.9 Å and bPEO = 6.0 Å. The 
degree of chain stretching in the core and corona before and after fragmentation for 50:50 
hybrid micelles is summarized in Table 6.7. In Table 6.7, the degree of chain stretching in 
is calculated using Equations 6.1 and 6.2, where Ncore and Ncorona are either the degrees of 
polymerization of the longer (i = L) or shorter (i = S) diblock copolymer in the blend. For 
example, in the BO(6-5)/(8-7) hybrid micelles, the degree of chain stretching in the long 
diblock is calculated where Ncore = 174 and Ncorona =172 , as those are the degrees of 
polymerization of the longer diblocks used in that particular blend. The degree of chain 
stretching for pure PB-PEO micelles was shown previously in Table 5.1. 
 
 




Table 6.7: Degree of chain stretching in the core and corona for the long and short diblock 
of 50:50 PB-PEO hybrid micelles in [C2mim][TFSI]. Degree of chain stretching is 
estimated according to Equations 6.1 and 6.2, where NL is used for the long diblock 
calculations and Ns is used for the short diblock calculations. 
 (50:50) blend (6-5)/(8-7) (8-7)/(10-9) (10-9)/(25-22) (25-22)/(27-27) 
Degree of chain stretching in long diblock 
score,0 2.5 2.3 2.1 3.6 
scorona,0 2.3 3.9 2.5 2.3 
score,f 1.9 1.9 1.8 3.3 
scorona,f 1.9 2.1 1.7 1.9 
Degree of chain stretching in short diblock 
score,0 3.0 2.3 3.3 3.7 
scorona,0 2.8 4.4 3.8 2.5 
score,f 2.3 1.9 2.9 3.4 
scorona,f 2.3 2.3 2.6 2.1 
 
From the estimates in Table 6.7, not only is there an entropic drive to fragmentation in 
the form of relief in core chain stretching, but there is also a significant relief in the degree 
of corona stretching after fragmentation. Due to the lack of chain exchange for PB-PEO 
micelles in [C2mim][TFSI], it is not expected that blending two molar masses of PB-PEO 
would alter the relaxation mechanism. Additionally, the small variations in micelle 




dimensions and comparable chain stretching in the hybrid micelles in comparison to the 
pure PB-PEO micelles does not account for the strong decrease in τfrag for hybrid micelles. 
The chain stretching in micelles studied in Chapter 5 is also quite high, so this does not 
truly explain why the observed fragmentation kinetics are much faster for hybrid micelles 
when compared to the pure micelle case.  
 It would be of interest to explore the composition dependence for other molar masses 
of PB-PEO hybrid micelles in the future to determine whether the composition dependence 
obtained in the case of BO(8-7)/(10-9) blends is applicable to a larger range of N. Initially, 
it was anticipated that the low molar mass chains may localize towards the interface in a 
fragmenting micelle to relieve the corona crowding penalty of fragmentation discussed 
previously. If this were the case, the fragmentation kinetics would be limited by the 
fragmentation times of the single component micelles used to prepare the hybrid micelles, 
i.e., τfrag would be approximately 200 ± 75 min for BO(8-7)/(10-9) hybrid micelles, as this 
is the fragmentation time determined for pure BO(8-7) micelles in [C2mim][TFSI]. As 
evidenced by the values of τfrag in Table 6.3, this is not the case. Further consideration of 
the structure of the micelles prepared by DD of PB-PEO blends can rationalize this result. 
Assuming the chains in PB-PEO blends are well mixed, which is reasonable based on 
Figures 6.1 and 6.2, the shorter PB-PEO chains are randomly distributed throughout the 
hybrid micelles. Because the chains are distributed throughout a given micelle, this picture 
where short chains are localized to the interface and long chains are concentrated in the 
spherical caps of a “peanut” shaped micelle undergoing fragmentation seems unreasonable. 




It is more reasonable that the relief of chain stretching and increase in configurational 
entropy slightly lowers the barrier to fragmentation in molar mass blends of PB-PEO 
micelles. However, this does not fully explain the decrease in τfrag for the hybrid micelles, 
as the low dispersity PB-PEO diblocks studied in Chapter 5 are also quite stretched.  
 
6.4 – Summary 
Blending different molar masses of diblock copolymers to make micelles is known to 
affect the size and equilibration kinetics in comparison to micelles prepared from a 
relatively monodisperse diblock copolymer.22,194,197 Molar mass blends of PB-PEO 
diblocks were prepared using the polymers studied in Chapter 5, and micelles were 
prepared by DD of PB-PEO blends in [C2mim][TFSI]. The influence of blending and molar 
mass dispersity on fragmentation kinetics was explored using T-jump DLS, SAXS, and 
TEM. It was found that the hybrid micelles of PB-PEO exhibit significantly faster 
fragmentation kinetics when compared to the fragmentation times obtained for the 
analogous pure micelles in [C2mim][TFSI]. One hybrid micelle system, BO(8-7)/(10-9), 
exhibited very fast fragmentation kinetics, where τfrag = 37 min for a 50:50 (wt:wt) mixture 
of the two molar masses was used. The composition dependence was explored using T-
jump DLS which showed that different ratios of BO(8-7) and BO(10-9) did, in fact, 
influence the rate of fragmentation, where fragmentation times as fast as 8.3 min were 
obtained when the blend contained 60% BO(8-7) by weight. Because the fragmentation 
times of these hybrid micelles were faster than either of the single component micelles, it 




is proposed that the increase in fragmentation rates can be attributed to the highly stretched 
low molar mass polymers in micelles prepared by DD, but this does not fully describe the 
kinetics obtained here, as the chain stretching in the pure micelle case is also quite high. 
Furthermore, the relief in chain stretching is the primary drive for micelle fragmentation in 
general, but does not fully explain the increased fragmentation rates obtained here. This 
work highlights how limited the current understanding of micelle fragmentation and fusion 






Chapter 7 – Imaging the swelling 
behavior of PB-PEO in [C2mim][TFSI] 
 
7.1 – Introduction 
The direct dissolution (DD) method to prepare nonequilibrium, kinetically trapped 
micelles has proved to be an enabling process in studying micelle fragmentation. An open 
question of interest in this regard is why does the DD protocol lead to micelles with 
aggregation numbers at least twice the equilibrium aggregation number, and how does the 
ordered morphology of the bulk copolymer influence the size of micelles prepared by DD? 
Understanding the relationship between the bulk copolymer domain size and the as-
prepared micelle radius could allow for more precise control over the size of micelles 
prepared by DD. In Chapters 3 and 5, it was found that PB-PEO diblocks self-assemble 
into a lamellar morphology in the bulk, and it was hypothesized that the DD protocol gives 
rise to a Rayleigh-type instability along the length of the alternating lamellae, which could 
explain the relationship between dPB and Rcore0 observed in Chapter 5.91,139 Specifically, 
it was proposed that in the DD method the ionic liquid swells the PEO lamellae, which 
begin to peel apart into sheets, and instabilities in the form of periodic undulations along 
the surfaces of the lamellae lead to the pinch-off and formation of kinetically trapped 
micelles. This process is illustrated schematically in Figure 3.19.91 




Instabilities involving peristaltic undulations, such as the Rayleigh instability, have 
been reported as the underlying mechanism in some thermotropic order-order transitions 
(OOTs) between BCP microphases in the bulk.201 For example, experimental reports on 
the thermoreversible cylinder-to-sphere transition attributed the mechanism of this phase 
change to a Rayleigh-type instability.190,191,202,203 Theoretical frameworks on the stability 
of ordered BCP microphases often predict the occurrences of these types of instabilities in 
BCP OOTs.204–209 Ryu and Lodge studied the thermoreversible cylinder-to-sphere 
transition in PS-PI-PS triblock copolymers, where the cylindrical domains were 
preferentially oriented using large amplitude reciprocating shear. From small amplitude 
oscillatory shear along the cylinder axis, TOOT was identified as 198 °C.190,191 The 
mechanism of the cylinder-to-sphere transition was studied using a combination of SAXS 
and TEM, which was anticipated by Laradji et al.204,206 and Qi and Wang207 to proceed via 
anisotropic fluctuations with cubic symmetry. Ryu and Lodge confirmed this mechanism 
was involved in the cylinder-to-sphere transition of PS-PI-PS triblocks using SAXS and 
TEM, where clear evidence of these fluctuations were observed directly by TEM, and 
SAXS confirmed the bcc symmetry of these fluctuations as predicted by theory.190,191 In 
addition to the mechanism of morphological transitions, the kinetics of these processes are 
of interest as well. There are several experimental reports on the kinetics of morphological 
transitions for BCPs in solution and in the bulk, such as disorder-to-order,210 lamella-to-
cylinder,201 cylinder-to-sphere,211 and cylinder-to-gyroid212 transitions.  




The Rayleigh instability is thought to be the primary mechanism of the cylinder-to-
sphere transition in BCP micelles as well.110,181,192,213–216 Lund et al. studied this transition 
for PEP-PEO micelles in mixtures of D2O and DMF-d7 using TR-SAXS and TR-SANS, 
where increased DMF content above 50% DMF/D2O induces the transition from 
cylindrical to spherical micelles.110 From TR-SANS experiments, they found that the time-
dependent fraction of cylindrical micelles in solution follows a single exponential decay, 
with a rate constant of 328 ms. The authors concluded that the decomposition of cylindrical 
micelles directly to spheres occurs without any intermediate structures, where surface 
instabilities along the length of the cylindrical axis leads to rapid break-up into spherical 
micelles, which further equilibrate in size via chain exchange.110 
Preliminary insights into the DD mechanism using high-temperature LP-TEM for one 
molar mass of PB-PEO films swollen with [C2mim][TFSI] are discussed herein. 
Specifically, thin sections of BO(8-7) prepared by cryo-microtoming are swollen with 
[C2mim][TFSI] and imaged at 70 °C in the TEM to mimic the conditions of the DD solution 
preparation method. Due to the high Z-contrast of ILs and large value of χPB-IL, contrast 
between the PB and PEO domains is induced by preferential swelling of PEO lamellae 
with [C2mim][TFSI], and further annealing in the microscope provides some hints on the 
presence of surface instabilities in the DD of PB-PEO in [C2mim][TFSI].  
 




7.2 – Materials and methods 
Preparation of PB-PEO films. BO(8-7) was annealed in a vacuum oven (< 100 mTorr) 
at T = 70 °C for 48 h, followed by rapid quenching in liquid nitrogen (T ≈ –196 °C). Thin 
films of BO(8-7) were prepared via cryo-microtoming at T = –80 °C, as described in 
Section 2.6.3. BO(25-22) films shown in Figure 7.2b were prepared in this manner. 
TEM and staining of BO(8-7). TEM of BO(8-7) stained with OsO4 was conducted 
according to Section 2.6.3. 300 mesh copper TEM grids (Ted Pella Inc.) with sections of 
BO(8-7) were stained with aq. OsO4 (Sigma Aldrich) vapor at 40 °C for 1 h. 
High-temperature TEM of BO(8-7) swollen with [C2mim][TFSI]. Unstained BO(8-7) 
sections on 300 mesh copper TEM grids (Ted Pella Inc.) were swollen with 9 μL of 
[C2mim][TFSI]. The excess IL was manually blotted with filter paper from below to give 
thin specimens for TEM imaging. Immediately after blotting, the sample was transferred 
to a temperature-controlled TEM sample holder for imaging. High-temperature TEM (T = 
70 °C) of BO(8-7) films swollen with [C2mim][TFSI] was conducted according to Section 
2.6.3.  
Image corrections. Some minor image corrections were applied using ImageJ software to 
enhance the brightness and/or contrast of some LP-TEM micrographs obtained in the 
swelling experiment. Images where contrast or brightness corrections were applied are 
indicated as such in the associated captions.  
 




7.3 – Results and discussion 
The ordered morphology of BO(8-7) at 70 °C in the bulk was found to be lamellar, as 
determined by SAXS in Figure  5.11. TEM of the bulk copolymer was used to confirm this 
assignment, and to ensure that the thermal treatment prior to microtoming resulted in 
samples with minimal structural defects and suppressed crystallization of the PEO 
domains. As shown in Figure 7.1, BO(8-7) undergoes microphase separation into 
alternating lamellae of PB and PEO domains after annealing at 70 °C for 48 h.  
 
Figure 7.1: TEM micrograph of BO(8-7) stained with OsO4. In the left image the long-
range ordering of the PB-PEO lamellae is evident, and the inset to the right shows the 
domain spacings measured by taking the average size of ten domains, where dPB ≈ 18 nm 
and dPEO ≈ 16 nm. 
 




Note that this temperature is of interest here as this is the temperature used in the DD 
of PB-PEO in [C2mim][TFSI]. Due to the osmium stain used to image the bulk copolymer, 
the PEO domains appear light and the PB domains appear dark in Figure 7.1. Image 
analysis of Figure 7.1 gives domain sizes for the PB and PEO domains, where dPB = 18 nm 
and dPEO = 15 nm, which is in reasonable agreement with estimates by SAXS, where dPB = 
17 nm and dPEO = 11 nm. Note that TEM often gives a larger domain spacing than SAXS 
due to domain tilting. 
Initially, it was thought that a higher molar mass such as BO(25-22) would be better 
suited for swelling experiments, due to the larger domain spacing. With larger features, the 
sample could be imaged at a lower magnification, which minimizes the potential for 
electron beam damage. However, it was found that the thermal treatment described in 
Section 7.2 did not eliminate local defects, such as grain boundaries, in BO(25-22). TEM 
micrographs of BO(25-22) stained with OsO4 are shown in Figure 7.2 using two methods 
of sample preparation. The first sample was prepared without annealing prior to cryo-
microtoming (Figure 7.2a), while the other sample was annealed at 70 °C, quenched in 
liquid nitrogen, and sectioned (Figure 7.2b). As shown in Figure 7.2a, without thermal 
annealing at 70 °C prior to microtoming, defects due to the crystallization of PEO were 
observed. From Figure 7.2b, thermal annealing and quenching in liquid nitrogen 
suppressed crystallization of PEO, but microstructural defects remained. From Figure 7.1, 
BO(8-7) orders into well-defined, alternating lamellae with fewer defects compared to 
BO(25-22). While it is not possible to eliminate the presence of grain boundaries, it is ideal 




to minimize them as the presence of defects could cause difficulties in the identification of 
evolving surface instabilities during  swelling. Thus, experiments were conducted using 
BO(8-7). The films were swollen in [C2mim][TFSI] and annealed in the microscope 
directly at 70 °C to mimic the conditions of the DD protocol. 
 
Figure 7.2: TEM micrographs of BO(25-22) stained with aq. OsO4 vapors with: (a) no 
prior thermal treatment, and (b) when annealed at 70 °C for 48 h and immediately quenched 
in liquid nitrogen prior to microtoming.  
 
 Once the bulk morphology of PB-PEO was confirmed, and the sample preparation 
method was optimized, the swelling behavior of PB-PEO films with [C2mim][TFSI] was 
explored at 70 °C via LP-TEM. The difference between the images obtained in the swelling 
experiment and those shown in Figures 7.1 and 7.2 is that the IL itself acts as a type of 
stain, eliminating the need for OsO4 staining of BO(8-7). Therefore, the images shown for 
the swelling experiment exhibit an inversion of contrast, consistent with images obtained 
in Chapters 3 – 5,91,92 where the PB domains appear light and the PEO domains appear 
(a) (b) 




dark due to the preferential dissolution of PEO in the IL. After the addition of 
[C2mim][TFSI] to the TEM grid containing sections of BO(8-7), excess IL was manually 
blotted away, and the grid was then immediately placed in the TEM for imaging while 
annealing at 70 °C. Figure 7.3 shows the early time points obtained at room temperature 
(left) and after annealing at 70 °C for approximately 10 min (inset, right). Image analysis 
of the inset in Figure 7.3 was used to confirm that the IL causes enhanced TEM contrast, 
where the domain spacings were dPEO ≈ 20 nm and dPB ≈ 19 nm.  
 
Figure 7.3: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at room 
temperature (left, tanneal = 0 min). The inset (right) shows a higher-magnification image of 
the area indicated in the left image after annealing at 70 °C for 10 min. In the inset, the 
onset of contrast appears as [C2mim][TFSI] begins preferential swelling of the PEO 
domains (dark) and is assumed to be excluded from the PB domains (light). 
 




Further annealing of the IL-swollen BO(8-7) film results in a slight improvement in 
contrast, as shown in Figure 7.4. After approximately 1 h of annealing at 70 °C, undulations 
along the length of the PB lamellae become visible, and after 65 min of annealing the 
undulations become even more apparent. Analysis of the 65 min image in Figure 7.4 gives 
dPB = 21 nm and dPEO = 24 nm. The increase in dPEO with annealing times could be 
attributed to further swelling of PEO domains in [C2mim][TFSI]. The undulations likely 
arise due to the change in surface tension between the PB and [C2mim][TFSI]-swollen PEO 
domains. The undulations observed in Figure 7.4 are consistent with the first step in a 
Rayleigh-instability-triggered morphological transformation.181,215 
 
Figure 7.4: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at 70 °C after 
58 min of annealing (left) and 65 min of annealing (right). After tanneal = 65 min, undulations 
of the PB lamellae are observed (right, yellow box) where dPB = 21 nm and dPEO = 24 nm. 
 




 Figure 7.5 shows LP-TEM micrographs after 72 min of annealing, where the 
undulations along the length of the PB lamellae become more distinct, and adequate 
contrast is achieved to conduct image analysis. From Figure 7.5, dPEO increases again to 
approximately 23.7 nm, whereas dPB = 16.3 nm. The absolute values of the domain 
spacings after annealing may have some inherent error due to the relatively low contrast 
achieved throughout the swelling experiment.  
 
Figure 7.5: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at 70 °C after 
72 min of annealing. After tanneal = 72 min, undulations of the PB lamellae remain, and the 
the wavelength of the undulation is estimated by image analysis to be λ/2 = 50 ± 8 nm, dPB 
= 16.3 nm and dPEO = 23.7 nm. Brightness and contrast corrections were applied to the left 
image, and contrast corrections were applied to the right image. Some undulations are 
outlined in yellow dashes to guide the eye. 
 




However, comparisons of the change in domain spacing and structure throughout one 
swelling experiment were conducted.  As is expected for a Rayleigh-like instability, the 
transition from cylinders to spheres will occur for some minimal perturbation wavelength, 
λmin = 2πR0, where R0 is the radius of the initial cylinder. From Figure 7.5, the wavelength 
of the undulation is estimated as λ/2 = 50 ± 8 nm, where λ/2 is measured as the length, in 
nm, from the peak to valley of an undulating PB lamella. 
A significant change in the morphology of the PB domains is observed after 80 min of 
annealing, as shown in Figure 7.6, where a transition from undulating lamellae to a pearl-
necklace-like structure is observed. This, again, is another characteristic of a Rayleigh-type 
instability, where the perturbations first result in undulations along the length of the 
lamellae followed by the formation of connected spherical domains, which eventually 
pinch off into single-compartment spheres.181 Due to the relatively low contrast in Figure 
7.6, image analysis of the sphere diameter was difficult to perform at this annealing time; 
however, further annealing at 70 °C for 90 min results in improvements in contrast between 
the PB and PEO/IL domains, and this last intermediate structure in a Rayleigh-type 
transition persisted for at least 10 min, as shown in Figure 7.7. From Figure 7.7, the 
formation of distinct, spherical PB domains connected in the lamellar plane are observed 
after annealing the BO(8-7) films swollen with [C2mim][TFSI] at 70 °C for 90 min. The 
inset in Figure 7.7 shows a magnified portion of this structure.  
 





Figure 7.6: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at 70 °C after 
80 min of annealing. At tanneal = 80 min, the undulations of the PB lamellae begin to appear 
as interconnected, spheres. Brightness corrections applied to both images. Some 
undulations are outlined in yellow dashes to guide the eye. 
 
While it may appear that the PB domains are forming a type of network structure, this 
could be due to the presence of additional layers of PB-PEO. The films prepared by cryo-
microtoming have a thickness on the order of 100 nm, so the presence of additional layers 
of PB-PEO below the surface is possible. Further experiments of this phenomenon by 
techniques which give information on the overall sample morphology, such as grazing-
incidence SAXS (GI-SAXS), could give more insights into the symmetry of this 
perturbation and the overall sample structure. Nevertheless, it is clear from Figures 7.3 – 
7.7 that swelling a lamellar sample of PB-PEO with IL causes a change in interfacial 
tension significant enough to induce instabilities along the length of the lamellae. The 




mechanism of the instabilities observed here are qualitatively similar to the previously 
hypothesized Rayleigh instability discussed in Chapters 3 and 5.  
 
Figure 7.7: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at 70 °C after 
90 min of annealing. At tanneal = 90 min, the interconnected sphere PB domains become 
more apparent throughout the film, and the amplitude of the perturbation a = 20.1 ± 3.8 
nm. Brightness corrections applied to left image and inset (right). 
 
 While the swelling experiment was used to mimic the conditions of a DD experiment, 
there are notable differences including polymer concentration and the absence of stirring. 
Stirring may decrease the time required for lamellae to pinch off into spherical micelles, 
and could increase the maximum wavelength of the instability within the sample. 
Additionally,  because a majority of the 9 μL of [C2mim][TFSI] was manually blotted away 
to give samples that are thin enough for imaging (~ 200 nm or less), it was not anticipated 




that the full dissolution of the copolymer would be achieved. The main objective in this 
swelling experiment was to establish what is determining the as-prepared micelle radius 
when making solutions by DD of PB-PEO in [C2mim][TFSI], and to uncover the 
mechanism of this transformation. From Figure 7.8, the formation of connected spherical 
domains in the PB domain is maintained after 95 min of annealing, which is expected to 
be close to the transition from a swollen, bulk polymer to single-compartment micelles, as 
shown previously in Figure 3.19. While these results are promising, they are preliminary. 
More details on the bulk sample morphology from scattering experiments should be 
conducted to confirm whether the fluctuations in the PB microstructure occur throughout 
the entirety of the sample, and not just the small sample area imaged by TEM. 
  
Figure 7.8: LP-TEM micrographs of BO(8-7) swollen with [C2mim][TFSI] at 70 °C after 
95 min of annealing. The interconnected sphere PB domains persist throughout the film at 




tanneal = 95 min, and the amplitude of the perturbation a = 20.1 ± 3.8 nm. Brightness 
corrections applied.  
 
A cylinder-to-sphere transition driven by the Rayleigh instability is illustrated 
schematically in Figure 7.9. Nichols and Mullins applied the Rayleigh instability analysis 
to transitions of solid cylinders to spheres.217  
 
Figure 7.9: Schematic illustration of the Rayleigh instability driven cylinder-to-sphere 
transition. 
 
According to the theory, a cylinder with isotropic surface energy is analyzed with 
respect to variations of the cylinder radius r by surface undulations described by Equation 
7.1,  






sinr R a x


= +  (7.1) 
where R0 is the radius of the initial smooth cylinder, a is the amplitude of the perturbation, 
λ is the wavelength of the perturbation, and x is the coordinate along the cylindrical axis.181 
In the case of a lamellar-to-sphere transition, the initial cylinder radius is substituted by 
one half of the initial domain spacing of the PB lamellae.  
 The classical Rayleigh-Plateua criterion for stability states that a cylinder of radius R0 
is unstable to sufficiently long, sinusoidal disturbances with wavelengths larger than the 
circumference of the cylinder (i.e., λ > λmin),218 where the Rayleigh criterion in defined in 
Equation 7.2.219 
min 02 R   =  (7.2) 
If the perturbations are resolved into sinusoidal components, perturbations with λ > λmin 
will continue to grow with time (i.e., unstable perturbations), while others with λ < λmin 
decay in time (i.e., stable perturbations). For sinusoidal perturbations, the rate of growth is 
given by the wavenumber (i.e., wavelength) of the perturbation. Rayleigh showed through 
linear stability analysis that the fastest growing mode, or maximum disturbance 
wavelength, λmax, leads to a cylinder-to-sphere transition, and is given by Equation 7.3. 
This critical disturbance is expressed in terms of the maximum wavenumber kmax shown in 
Equation 7.4. 




max 09.01R =  (7.3) 
max 00.697 /k R=  (7.4) 
In other words, λmin is the minimum instability wavelength required for perturbations 
to grow, the perturbations will continue to grow in wavelength until reaching a critical 
maximum wavelength λmax which causes breakup into spheres. It is well recognized that 
kmax, and therefore λmax, can be used as a first approximation of the drop sized formed after 
breakup.181,215 Then, knowing λmax, the droplet radius, ds, is estimated according to 
Equation 7.5. Based on this theory, estimates of the features observed in Figures 7.5 – 7.8 
were obtained to determine whether the undulations observed in Figure 7.5 have a 
wavelength long enough to induce a transition, and what the resulting sphere diameter 
should be, given the initial domain spacing of PB-PEO. 
s 03.78d R=  (7.5) 
As the ordered morphology of BO(8-7) is lamellar and not cylindrical, the wavelength 
is approximated as λmin = πdPB,0, where 2R0 = dPB,0 is the unperturbed domain size of PB 
measured in Figure 7.1. For BO(8-7) in [C2mim][TFSI], λmin = π(19 nm) = 60 nm, and the 
wavelength of the undulations measured in Figure 7.5 is significantly longer than λmin, 
where λ = 100 ± 16 nm. Therefore, these perturbations cause the lamellar morphology to 
become unstable. From Equation 7.3, the required wavelength for breakup of BO(8-7) into 




spheres is λmax = 9.01/(8 nm) = 72 nm. Again, the wavelength of undulations observed in 
Figure 7.5 exceeds the stability criterion, which leads to the observed pearl-necklace-like 
structures in Figures 7.7 – 7.8. The values measured by image analysis for BO(8-7) swollen 
in [C2mim][TFSI] are summarized in Table 7.1.  
Table 7.1: Parameters measured via image analysis of Figures 7.4 – 7.7 and estimates of 
the theoretical maximum (ds,max) and minimum (ds,max) as-prepared micelle diameter for 
BO(8-7) in [C2mim][TFSI].  
 












 19 ± 3 50 ± 8 20 ± 4 42 ± 12 41 30 
counts 30 30 80 500 - - 
*Theoretical minimum and maximum micelle diameters calculated using ds = 3.78(dPB,0 
± 6)/2 
 
In Table 7.1 image analysis of Figures 7.7 and 7.5 was used to obtain the values of a 
and λ/2, respectively. Image analysis of Figure 4.1 was used to report the as-prepared 
micelle diameter of BO(8-7) in [C2mim][TFSI], where dBO(8-7),C2mim = 2Rcore0 = 42 ± 12 
nm. Assuming the DD process proceeds via a Rayleigh-type instability, the theoretical 
maximum (ds,max) and minimum (ds,min) diameters of BO(8-7) micelles in [C2mim][TFSI] 
were determined, as shown in Table 7.1. Using one standard deviation in dPB, ± 3 nm, as 
the upper and lower limits of dPB,0, the minimum and maximum micelle core diameters are 
estimated from Equation 7.5 as ds,min = 3.78R0 = 3.78(16 nm)/2 = 30 nm and ds,max = 3.78R0 




= 3.78(21 nm)/2 = 41 nm, respectively. The average as-prepared micelle diameter for 
BO(8-7) in [C2mim][TFSI] is 42 ± 12 nm, which agrees relatively well with the estimated 
micelle diameters shown in Table 7.1.  
Although, the as-prepared  micelle diameter lies much closer to the anticipated value 
of ds,max. This is likely because the maximum perturbation wavelength measured in the 
swelling experiment is in the absence of stirring. In the DD process, prolonged stirring over 
a period of 48 h is used to prepared micelle solutions, and the presence of stirring likely 
increases the average perturbation wavelength in the DD protocol leading to a larger λmax 
and faster breakup into larger, kinetically trapped micelles. Given the instabilities imaged 
in the swelling experiment, and the rough agreements between the theory and measured 
micelle size, the hypothesis presented in Chapters 3 and 5, that the DD of PB-PEO in ILs 
proceeds through a Rayleigh-type instability, is reasonable.  
  
7.4 – Summary 
In this chapter, the underlying mechanism involved in the direct dissolution of PB-PEO 
in ILs was explored using LP-TEM. A thin film of one molar mass of PB-PEO was swollen 
with [C2mim][TFSI] and annealed at 70 °C in the microscope to mimic conditions of the 
DD protocol. After annealing for 10 min, the IL began to penetrate the PEO domains, 
inducing TEM contrast in the swollen film. Undulations along the lamellar surface were 
observed for longer annealing times (~ 60 min), with wavelengths estimated to be λ/2 = 50 




± 8 nm. Based on the initial domain spacing of the PB lamellae, the minimum wavelength 
required for sphere formation is 60 nm. Additionally, the as-prepared micelle diameters are 
consistent with the distribution of sphere sizes anticipated for a Rayleigh instability driven 
transition from cylinders to spheres. The perturbations observed in the swelling experiment 
are consistent with that of a Rayleigh-type instability, which may then be responsible for 





Chapter 8 – Summary and outlook 
 
8.1 – Thesis summary 
The goal of this thesis was to expand the current understanding of block copolymer 
micelle fragmentation kinetics in ILs. Specifically, the fragmentation of kinetically trapped 
PB-PEO micelles in the [Cxmim][TFSI] solvent family was explored using a combination 
of scattering and TEM techniques. The nonvolatility of ILs allowed for the direct imaging 
of micelle dynamics in solution, and the use of a temperature-controlled TEM sample 
holder allowed for annealing of micelle solutions directly in the microscope.  
Prior to this work, the barrier to micelle fragmentation was proposed to arise from the 
exposure of the core block to the solvent during micelle breakup.126 If this were the case, 
the solvent quality should influence the rate of fragmentation. In Chapter 3, the 
fragmentation kinetics were studied for BO(8-6) micelles prepared by direct dissolution in 
five [Cxmim][TFSI] ionic liquids, where x = 1, 2, 4, 6, and 8. This was achieved using T-
jump DLS, SAXS, and ex-situ LP-TEM. It was found that the micelle size decreased 
significantly after prolonged annealing at 170 °C. After annealing, the final aggregation 
number was about half of the original.  The decay in Rh and Rcore could be well described 
by a compressed exponential with an exponent of 2 in almost all cases.91 The origin of this 
functional form is not yet apparent. The characteristic relaxation times determined by fits 




to this equation for DLS for BO(8-6) in [C2mim][TFSI] were essentially independent of 
concentration, indicating a relaxation process that is first-order with respect to polymer 
concentration. The effects of solvent selectivity on the equilibration kinetics were 
investigated by using five different ionic liquids with varying cation alkyl chain lengths. In 
this case, the decay of Rh occurs on a similar timescale regardless of the solvent quality. 
Indirect evidence of micelle fragmentation was obtained by ex-situ LP-TEM and SAXS. 
The large decrease in core radius indicates that fragmentation is most likely the primary 
equilibration mechanism observed in this system, as individual chain exchange would not 
be expected to change the core radius to that extent.   
These experiments indicate that the solvent selectivity plays a significant role in how 
far the as-prepared micelles are from the equilibrium size. Specifically, the more selective 
solvents result in micelles much larger aggregation numbers, while the least selective 
solvents result in as-prepared micelles that are closer to the equilibrium size. However, the 
solvent selectivity was found to play essentially no role in the fragmentation kinetics, as 
nearly all PB-PEO micelles in imidazolium-based ILs fragmented on the order of hundreds 
of minutes. Because the fragmentation kinetics are independent of solvent quality, the 
primary barrier to micelle fragmentation is most likely not from the exposure of the micelle 
core to the solvent in the transition state.91  
Next, the direct observation of micelle fragmentation was conducted using high-
temperature LP-TEM.92 The previous studies on BCP micelle fragmentation were limited 
by ensemble averaging techniques such as SAXS and DLS; individual particles were 




imaged by ex-situ LP-TEM. Chapter 4 demonstrated the direct observation of 
fragmentation for three molar masses of PB-PEO micelles in [C2mim][TFSI] using high-
temperature LP-TEM at 170 °C, which provided unique insights into the evolution of BCP 
micelles during fragmentation. Upon heating to 170 ºC a sequence of morphological 
transitions were observed, from a spherical micelle, to a prolate ellipsoid, then a “peanut” 
shape, followed by a two-spherical-compartment aggregate, where the last shape is 
presumed to be closest to the transition state. To the best of our knowledge, this iss the first 
direct evidence of BCP micelle fragmentation reported in the literature.92 
In Chapter 5, the effect of molar mass on the fragmentation kinetics of micelles formed 
by PB-PEO copolymers was studied in [C2mim][TFSI]. A series of six samples, with total 
M ranging from 104 to 105 g mol–1 and nearly constant composition (ƒPEO ≈ 0.4), were 
examined; all six formed spherical micelles with PEO coronas. Non-equilibrium PB-PEO 
micelles were prepared by direct dissolution. When subjected to high temperature 
annealing at 170 °C, the average micelle radius was found to decrease substantially, as 
determined by T-jump DLS and TR-SAXS. The characteristic fragmentation times were 
found to increase strongly with degree of polymerization as τfrag ~ N
1.8.139 A previous model 
of micelle fragmentation by Dormidontova predicts a similar scaling, albeit in terms of 
Ncorona.97 Future measurements on a series of polymers with constant Ncore will be required 
to assess whether this apparent agreement is robust. Again, the core size of the initial 
micelles was shown to correlate closely with the PB domain dimensions in the precursor 




dry, lamellar copolymer, suggesting a formation mechanism involving peeling apart of 
layers, followed by pinching off into spherical domains. 
In Chapter 6, molar mass blends of PB-PEO diblocks were prepared using the polymers 
studied in Chapter 5, and “hybrid” micelles were prepared by DD of PB-PEO blends in 
[C2mim][TFSI]. The influence of blending and molar mass dispersity on fragmentation 
kinetics was explored using T-jump DLS, SAXS, and ex-situ LP-TEM. It was found that 
the hybrid micelles of PB-PEO exhibit significantly faster fragmentation kinetics when 
compared to the analogous pure micelles in [C2mim][TFSI]. One hybrid micelle system, 
BO(8-7)/(10-9), exhibited notably faster fragmentation kinetics than the pure micelles of 
either diblock, where τfrag = 37 ± 11 min for a 50:50 (wt:wt) mixture of the two molar 
masses was used. The pure BO(8-7) and BO(10-9) micelles had fragmentation times of  
τfrag = 200 ± 75 min and τfrag = 695 ± 90 min, respectively. 
The composition dependence was explored using T-jump DLS which showed that 
different ratios of BO(8-7) and BO(10-9) did, in fact, influence the rate of fragmentation, 
where fragmentation times as fast as 8 min were obtained when the blend contained 60% 
BO(8-7) by weight. Because the fragmentation times of these hybrid micelles were shorter 
than either of the single component micelles, it is unclear why the hybrid micelles fragment 
so quickly. Despite the advances made in understanding micelle fragmentation, this work 
on hybrid PB-PEO micelles highlights the limitations in current understanding of micelle 
fragmentation and fusion. Further exploration of this phenomenon is warranted.  




Finally, Chapter 7 explored the underlying mechanism involved in the direct 
dissolution of PB-PEO in IL using LP-TEM. A thin film of BO(8-7) was swollen with 
[C2mim][TFSI] and annealed at 70 °C in the microscope to mimic conditions of the DD 
protocol. After annealing for 10 min, the IL began to penetrate the PEO domains, inducing 
TEM contrast in the swollen film. Undulations along the lamellar surface were observed 
for longer annealing times (~ 60 min), with wavelengths estimated to be λ/2 = 50 ± 8 nm. 
Based on the initial domain spacing of the PB lamellae, the minimum wavelength required 
for sphere formation is 60 nm. Additionally, the as-prepared micelle diameters are 
consistent with the distribution of sphere sizes anticipated for a Rayleigh-instability-driven 
transition from cylinders to spheres. The perturbations observed in the swelling experiment 
are consistent with that of a Rayleigh-type instability, which may then be responsible for 
the dependence of dPB on Rcore0. However, additional experiments using small-angle 
scattering and TEM conditions that more closely mimic those in the DD protocol are 
necessary to confirm these results.  
 
8.2 – Outlook 
While significant advances in understanding BCP micelle fragmentation were made, 
studies related to micelle fragmentation and fusion are in their early stages. There are many 
aspects regarding the fragmentation of PB-PEO micelles in ILs that remain unexplained, 
and reports on micelle fusion are relatively limited. Additionally, while the PB-PEO/IL 




system is very well characterized, it would be of interest to attempt to confirm micelle 
fragmentation occurs in other BCP/solvent systems. Therefore, many future directions 
exist in this field, with a few suggestions listed below. 
1. To date, a detailed explanation of the compressed exponential relaxation behavior 
reported for the fragmentation of PB-PEO in ILs remains elusive.89–91,139 
2. Currently, there is one report in the literature of the direct observation of micelle 
fusion.123 Dormidontova’s model for micelle equilibration kinetics assumes that 
fusion and fragmentation proceed through the same mechanism, in reverse. 
Detailed explorations into the kinetics of BCP micelle fusion must be conducted to 
verify this and could prove valuable in answering many open questions about 
micelle fragmentation.  
3. Further details on the dependence of τfrag and τfrag,0 on molecular parameters such as 
Ncore, Ncorona, γ, and Q/Qeq would be informative. 
4. Effect of copolymer architecture on fragmentation kinetics, and specifically, the 
fragmentation of triblock copolymers in ILs could elucidate more details about this 
equilibration mechanism.  
To determine why micelle fragmentation consistently follows compressed exponential 
relaxation behavior, the universality of this process should be explored, and answers to 
questions 2 – 4 could provide additional insights. If micelle fusion proceeds via the same 
mechanism as fragmentation, but in reverse, it may be that fusion is well described by a 
compressed exponential growth in micelle size as a function of time. From Dormidontova’s 




theory,97 micelle fusion is likely to contribute during the micelle formation process. One 
method to study micelle formation experimentally is through the cosolvent dissolution 
technique described in Section 2.3.2. By slowly increasing χ between the core block and 
the solvent through slow evaporation of the cosolvent, controlled micelle growth occurs 
from unimers in solution. This solution preparation method could be studied in more detail 
to gain insights into micelle fusion. The kinetics during formation may be difficult to 
determine by sample average techniques, such as small angle scattering, if multiple 
processes are contributing  to micelle creation such as chain exchange, fusion, or a 
combination of the two processes. This is where single-particle imaging techniques can be 
incredibly useful in micelle equilibration studies. Parent, et al.123 demonstrated that liquid-
cell TEM can be used to observe micelle-micelle fusion events, but rigorous details on the 
kinetics of this process, and how it depends on Ncore, Ncorona, γ, and Q/Qeq remain largely 
unexplored. Leveraging the capabilities of a flow-cell LC-TEM experiment to conduct 
cosolvent evaporation in-situ could provide further details on micelle fusion kinetics and 
confirm whether fusion proceeds via the same mechanism as fragmentation. 
It is also of interest to explore the reproducibility of the scaling of τfrag ~ N
1.8 in other 
BCP/solvent systems, and to determine whether the N dependence is stronger in Ncorona or 
Ncore. In exploring other BCP/solvent systems with high χcore-solvent, it would be of interest 
to understand how the glass transition temperature of the core and corona blocks affects 
the fragmentation kinetics. Additionally, how does the temperature used for DD, and the 
distance this temperature is from the glass transition temperature, influence the relaxation 




behavior of kinetically trapped micelles? Some BCPs in [Cxmim][TFSI] ILs that could be 
promising for further fragmentation studies include PS-PEO, PS-PMMA, PEP-PDMS, 
PEP-PEO, or PEE-PEO.  
In addition to other copolymer systems, varying the corona block composition of PB-
PEO within the sphere-forming window to resolve the exact scaling of τfrag with Ncore and 
Ncorona is of interest. Part of the difficulty in varying fPEO lies in the preparation of kinetically 
trapped, large micelles by DD. Previous work by Meli et al.90 used the DD protocol to 
prepare micelles of PB-PEO in [C2mim][TFSI] using three volume fractions where fPEO = 
0.39, 0.60, and 0.66. For fPEO ≥ 0.6, the authors found little change in Rh upon high 
temperature annealing at 170 °C, which could be because the overall solubility of the 
copolymer is much higher with increasing fPEO. The volume fractions of PEO that are 
accessible for exploring the Ncorona dependence of τfrag may be limited, but small variations 
in Ncorona can be explored, and an ideal range may lie somewhere between 0.38 ≤ fPEO < 
0.60. Answering these remaining questions should allow for a more complete 
understanding of BCP micelle fusion and fragmentation, and the development of a 
quantitative model of these processes remains to be elucidated. In general, there are many 
open questions in the field of micelle relaxation kinetics, with much yet to be determined 
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Figure A1: Complex viscosity versus frequency of 8.2 kDa 1,2-polybutadiene-OH with  
0.1 wt% BHT inhibitor. Measurements were obtained under nitrogen atmosphere using a 
parallel plate rheometer (gap = 300 μm and γ = 5%). The sample was held at each 
temperature for 10 min before each measurement. 
 
 
Figure A2: SAXS of bulk BO(8-6) after annealing at 70 °C for 15 min. The vertical black 
lines indicate the center of each peak and the q values of each line are indicated above. 
From the peak indexing, the block copolymer exhibits a lamellar morphology at the 
temperature used for direct dissolution. The domain sizes for BO(8-6) from the primary 














































scattering peak (q* = 0.0181 Å–1) are dPEO = 14 nm and dPB = 21 nm. The PB domain size 
is close to the as-prepared micelle core radius obtained for solutions prepared by direct 
dissolution. 
 
Estimating the free energy of a micelle36 
From Zhulina et al.,36 the total micelle free energy is determined by the sum of the free 
energy contributions from the core chains (Fcore), the corona chains (Fcorona), and the 









 In Equation A1, acore is the volumetric size of one repeat unit in the core and pcore is the 
chain stiffness parameter of the core chains, given by Equations A5 and A6, respectively. 







where γ = γ̃acore
2 /kBT is the normalized surface free energy per area acore
2  and γ̃ is the surface 
free energy per unit area (i.e., surface tension). The free energy of chains in the corona is 



























where ĈF and ĈH are dimensionless parameters of order unity, which depend on the solvent 
quality of the corona block. Equation A3 is derived assuming a θ solvent for the corona.  
The corona thickness for spherical micelles is calculated directly as Lcorona = Rh –  
Rcore from DLS and LP-TEM, respectively. To determine the corona thickness for a 
“peanut-shaped” micelle undergoing fragmentation, we assume that the corona is mostly 
cylindrical,  













‒ 1] (A4) 
where Ncore and Ncorona are the degrees of polymerization of the core block and the corona 
block, respectively. The volume fraction of PB in the micelle core, φ, is assumed to be 
equal to 1, as there is likely a negligible amount of solvent in the core for this system.  The 
volumetric monomer size, a, is calculated by: 








where M0 is the monomer molar mass, equal to 54.1 g/mol for PB and 44.1 g/mol for PEO, 





NAv is Avogadro’s number. From Equation A5, acorona = 0.4 nm and acore = 0.47 nm. The 





while C∞ is the characteristic ratio, equal to 0.81 Å2mol/g for PEO.138 From Equation A6, 
pcorona = 2.20 and pcore = 2.15.  
The parameter ĈH in the free energy model depends on the solvent quality with respect to 
the corona block, thus we compare the thermal blob size ξt and the largest blob in the corona 
ξlargest. First, we estimate the excluded volume parameter for PEO in [C2mim][TFSI] 




where V0 is the reference volume chosen as 80 cm3/mol, and VPEO is the monomer volume 
of PEO, equal to 65 cm3/mol. The Flory-Huggins interaction parameter χ between PEO 
and [C2mim][TFSI] can be estimated from Equation A8, 






where R is the gas constant, T is the temperature in Kelvin, and the solubility parameters 
of the polymer and the ionic liquid δ are δ1 = 9.88 MPa1/2 and δ2 = 21.1 MPa1/2 for PEO138 















 = 26.9 Å (A10) 
For Equation A10, the as-prepared ⟨Rh⟩0 = 108 nm for 0.25 wt % BO(53-46) in 
[C2mim][TFSI] was used to approximate the largest blob size in the corona. For BO(53-
46) ξlargest < ξt, which means that the excluded volume interactions do not influence the 
corona chain conformation to a significant extent, thus the expression for ĈH in a θ-solvent 






Table A1: Parameters for free energy model  
acore (nm) acorona (nm) pcorona φ ĈH 
0.47 0.40 2.20 1 0.68 
